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PEEFAOE. 


DtTBTNO fclio last few years many excellent treatises have been published 
on Structural En^n'ncering, the majority of which are principally 
dovot(4 to a consideraiion of the subject from the purely theoretical 
])oiiit of view, whilst a few others treat the subject mainly with regard 
to the j)ra<?tieiil arrangement of structural details. The subject is one 
of HO wide a range that it is manifestly impossible to attein})t anything 
like a comjneheiisive survey of structures generally in a single volume. 
Between the theoretical computation of the loads and stresses in a 
striK^tuni and the evolution of a satisfactory pnieiieal design which 
shall have due r(‘gard to the (exigencies of prac.tical o.on struct ion, there 
exists a gap which may only be brulg(‘(l by considerable practical 
(‘Xp(!ri(‘nc(^ and knowledge of shop nu'Xlwxls. 

I'lie Authors have endciavoured in the ]>res(*nt volume to deal with 
the design of the more ordinary and (“ominofily (xxuirnng structures 
from both point.s of view, and wliilst n(5(‘(‘SKaiily stating th(5 main outlines 
of tluH)ry involved, have lixtendcxl tla^ application of 8U(‘h theory to the 
])raeti(5al (Icsign of a c.onsiderable vancty of structures and htructural 
([(‘tails of everyday o(V4irj:wH;(‘. The consuh'iation of ^higher struetiiies, 
such as ri^id and two-liingcd metal an'lics, suspiMision l)nd^(‘S, anil 
structures o( particular or uiinpie cliara<*t(‘r, has l)(‘en intentionally 
omitt(‘d in older to mak(‘ room for siudi (‘xamplcs as will ho of interest 
to the majority of leaders. It IniH heon (‘onhideiid d(*sirahl(» to include 
a short summary of the propeiticH of htnietural malerialK and w(‘ightH 
of dcitails lu onl(‘r that tnes(? may b<‘ readily a\iulahl(‘, for refeK'iKUj in 
oiu*. voluim*, and the eliapha* on mutenuls is not iiitmuh'd to siijiply 
other than a veiy brief eoinjMmdnim of the jaop(‘iti(‘H of materials. An 
(‘xtended aeijuaintaaiei* w'lth Mieso is very iiei’essary to th(‘ stnietuial 
([(‘signer, and smii information in d(‘tail is i(‘adily aeeesHihle in tieatisos 
on materials. 

WhereV(‘r jjpHsihlt*, niiim'neal dala and arithmetical, in pixderenee 
to analytical, uietliods havi* been adopted, and the use ol iiuitlieinatmal 
formiilm has Ixam avoid(‘(l when* not nl)soIut(*ly necessary. Although 
this treatnumt may o(‘(*aHionally result in sliglitily mort‘ protracted 
mctliods of calculation, tin* Authors an* (‘oiivineed, aft(‘r many years of 
])oth pnujtieal and teaebing <‘xperiene(*, that it will r<‘n(ler the subject 
matter more acwiessible to tin* greatest number of rea(l(*rs. ^I’lie majority 
of practical d(JHigiii‘rH hav(» luntluT the time nor opportunity for 
acquiring an advanced knowI(Klg(} of matlKunuticH, and whilst not 
decrying its desirability, an acquaintance with higher mathematics is 
not necoBsary to the dcBigu of most ordinary abructures. A thorough 
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undecsiUiudmiJ: of tho olaRtic Imam theory i> lumoRw^ry, and thia^ it m 
hoped, has been stated iu the fulIuHt and «imulcf«t laiinntT, Tim 
consideration of column strcnjyth has been irmivA a Htths luort} fully 
than is customary in works on Btructural Hiij^imuTin^, untl the Authors 
are piirbicularly indebted to Mr. J. M. Moncrh'ff, M.InatJM*!,, for 
permission to make free uhc of tho matter eontuiued iu his exhaust ive 
investiption on this subject. I’oints relative to th<» <h*Hi;L?n of hrid^^es 
have boon frequently alluded to and stiveral bridp details iUuHtratfd ; 
but as brid,«;o desip constitutes an exteuHive Huhjtmt iu itself, thtme 
portions relating to it iu tho present vohnuo ant <jnly iut^mded to htj 
introductory. A brief section m devoted to tall buildin;^^ oonstrnetion, 
and for more detailed information readers may Ixi ri!ft!rre<l to the many 
excellent American treatises on this Huhje<i. It hud binm iutiuuled 
include a short notice of simple reinforced <'<[«<T(*t{i Htn*etttr<'H, but 
as those are already fully dealt with iu RjHH;iali«iHl works mul tluj 
subject is rapidly abbainiujjj siioh largo proportions, such uotieo 1ms 
been omitted through lack of sjiaoo for iul(‘(|natc treutuumt.^ Masonry 
structures and types of engineering iiiusoury, which an? inseparably 
associated, have been given particular attention and Hi‘V<'ral applietl 
designs carefully worked out. 

It is hoped tho information contained iu tho work muv provo of 
general utility to both draughtsmen and stmlenlH, and altiumgh not 
exclusively compiled for tho use of studeulR, it will be found pru<’ti(*aUy 
to cover the present syllabus of both tho Ordinary anti Honours (^ra<h^ 
EKaininabious in Htructural Engineering held hy the (’iby ami <inilds 
of London Institute, whilst it will also bo of valuable uMsiHtunrt} to 
those preparing for tho Associate Meiul)orshi[) Kxamiiuvtiou of tho 
Institution of Oivil Engineers, and tho II. ICng. (U»gn*c of London 
University. 

The Authors desire to acknowledge their in<lel>t(‘dn(*sH to Mt^ssrH, 
E. A. Skelton & Co, and Messrs. Mollowes & Oo., Idd., for information 
kindly supplied respecting broad-llangcd beams and glazing ; to Moissrs, 
'J. M. Moucrieff and E. Sandoman, MM.Inst.d.E., Professor T. (1avt<m 
Fidler, M.Inst.O.E., Mr. E. H. Htone, M.Arn.Hoo d.E. ; to tho Emrim-or- 
ing Standards Oommittco ; and to the Minutvn of Prorm/mtfs of tho ln\t, 
0*E., the Trmsactms of the Amertran Poe. T.A’., the Memoir on of the 
French Boo. O.E.^ The Em/meet Efif/ineeruit/, Annates ties l*otitH et 
Ohmiss^es^ La Eovue Teohnuim\ and other jounmls, fuMpiont iof<Tom*oH 
to which have been aunobabed, 

.1. H. 

SHBmBLD, 1931. \V. H. 

PREFACE TO SE(WI) EDITION. 

The Arab edition has been carefully revised, sonui of the illuHLrationH 
re-drawn to a larger scale, and tho b»hlo of eiiuivulout distributed loads 
on railway bridges, on page 8r>, revised to iiieot tho increasfsl weights 
of present-day locomotives. 


Sheitibld, JamMur]!, 1014. 


.1. II. 
W. H. 



PRKFAflE TO THIRD EDITION. 


TUM Hooond ctlition Inuj Imuu rtiviwul and unlarK^od bj tho addition' of 
new matter relating to beamn, roofs, and Htreases in lattice girders, 
iindmling inclined girders. A new (ihnj)tcr Inis been’ added on simple 
iniluen<!e lines, the primjiples of whicdi^ have boon explained by reference 
to several mimerituil (‘xumples which it is hoped will provide a useful 
iubrodiKjtion to the study of this important subject, 

J, H, 

SniiFKlKiJ); Ffhmary^ 11)24. W. IL 


PIII^KACK TO POURTir EDITION 

TriM third oiliUon Inis boon rovisoil and lusw matter relating to 
cements and concreto has been added. Jteforonocs to British 
Standard Sc^ctitms liavi^ betm cornuded to agre('> with tho now 
standard sections. Tlio Authors (h^siro to acsknowledgo their 
indebtedness to Messrs. (*. and T. Karlo (1025), Ltd., Mr. J. K, 
Worsdalc, B.Sc., tho Cement Marketing Oo., Ltd., the Lafarge 
Almniuous Cement Co., Ltd., and tlie Engineering Staudanls 
Committee for valuable information, kindly supplied. 

J. ir. 

W. H. 

SniCFFIKLI), 

}fay, 11)28. 
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OHAPTEB I. 


MATERIALS. 

Stone.— The principal cngmeeriuK Htructnros for which stone is 
employed are masonry dams, piers, abutments and wing-walls for 
bridges, arches and retaining walls. Tlie essential characteristics of 
stone for such works arc durability, weight, and resistance to com- 
pression. In selecting suitable stone, the following general properties 
should receive consideration. 

LurabUifi/.--l)nT(ihi\itj depends principally upon hardness, chemical 
composition and relative fineness of grain, and is very essential in 
masonry structures, Hincc they are exposed to more or less severe 
atmospheric mllueiiccs, or arc permanently or intermittently submerged 
in water. 

Wei(/hL — The stability of structiircs such as dams, retaining walls, 
and lofty piers, is deiiendenb on the weight of the material used, whilst 
III the ease of ordinary walls and arches weight is not of such para- 
mount importance. 

Remlium lo Oompmsm. — All masonry structures being Bubjeet to 
eompressivo stri'ss, it is necessary that the material should possess an 
adeiiuate rcHistanee to (jomjiression, espeiuully in the (‘as(i of massive 
and lofty stnictares Masonry is not (miployed under conditions 
where any considerable tensihi Htn‘ss will lie dt‘velop(‘.d. Ilitulnvi^i^ 
freipiently decides the adoption or rejection ol a stone wlueli might 
otherwise be employed, on account of excessive expense in working. 

Poumt//. — I^orosity is undesirable, since it contributes to rapid 
weathering and reduced resistaiioc to compression. Very porous stones 
arc especially liable to be alTeetod by frost. 

The following aids to judgment with regard to the above properties 
will be found useful. The best method of ascertaining the durability 
of a proposed stone is by an inspection of existing structures built of 
the samis stone. Failing this, a careful examination should be made 
of the weather-resisting qualities of an exposed face of the quarry 
which has been undisturbed for a considerable length of time. ^ The 
weight and rcsistauco to compression arc obtained by ap])lying suitable 
tests, and figures relating to these will be found below. In all 
important works, special tests should bo made of the actual stone 
employed. A suitable stone should exhibit on a clean fracture, a dense 
and finely grained structure free from earthy matter. The porosity 
of stone may he tested by immersing a dry sample in water and noting 
the volume of water absorbed, at the same time observing the effect on 
the clearness of the water, since this affords an indication of the 
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2 STRUOTmUh BNOrXKKUINd 

amount of soft cartliy nmltur contiiiiwtl in tliu TIjo {wincipal 

olafflos of Rtono employed in Htrnetuml work are lamoHttmo 

and Sandstone. , . 

Granite. — Granito is tlio immt dtimldo aUmu eniployiHi m 
struotion, but its Iwrdtioss ami exjuniHo of workiuj? roslriot ita uwi to 
very exposed struoturoH and thow wilijcct to tlw licavioat strcHHi*. 
Ordinary granite is compoHed of tjimrU, folapur and miou. Quarta ia 
silicon oxido, and practically indcatruclible. Folaiair ia a mi.\turo of 
silicates of alumina, soda, potash, or liino. It is numh loss <lHrulilti 
than quartz. Its c.)lmir varying from grey to rod givi-a the distinotivo 
colour to the dilfcroiifc varieties of graiuto. Mica is ftirnusl of sili- 
cates of alumina and other cartha crystalliml in thin latniiuo which 
readily split on weathering. It ia the loast ihirahlo coiistitnont of tho 
granite. Syonitic granites conUvin hornblonile in lulditioii to tho ahovo 
constituents. Ilornhlonde is a ailieato of lime and niagnosiu, is very 
hard and durable, and imparts a dark greoii colour to tho gruiiitt*. 
Syenitic granites arc tougher and more conipuot than ordinury grunito, 
but their scarcity makes the cost too grout for gonorul use. It is 
largely employed for ornamental iHirpoHos on aocomit of tho high 
polish it will take. An excess of iron in grunito docrousos itu duru- 
faility, and oare should bo oxercisod to solect nialoriul witluMit thia 
impurity. Tho iron is easily detected when tho grunito is oxjiosod to 
air, dark uneven patches of discoloration dm* to iron oxido forming 
on the surface. Its weight varies from It!» to I'.Hi potinilK jht ouliio 
toot, and tho crushing load from (Ui(t to toiia per sunarc foot. It 
absorbs a very small percentage of water. 

Limestone. — Limestone is very varied in composition ami physioul 
characteristics, and includes all stones iiaving enriHinat.o of time for 
the principal constituent. Some varieties have a I'rysliillino stnioluro, 
whilst others arc composed entirely of shells and fossils <'<uiienteii 
together. Marblo is tho hardest and most eompuet limeHtone, hut is 
only used for decorative purposes. Other hruestones niaki' good Imild- 
ing material, but care must bo taken to select line even-grained stone 
containing no sand-cracks or vents. It is easily worked, ami furnm a 
good evenly coloured surfuce. Its weight varies from Il’o to 17o 
pounds per cubic foot, and tlio cTUshing resislanee. from liti to fiim tons 
per square foot. It is loss durable than granite or samlstoue, ami 
absorbs a relatively large puresmtago of water. It should always he 
laid on its naturiil bed when building, ami it is ]ireferahle to allow it t.o 
season before using to free it from quarry my or moisture it eontains 
when quarried. 

Sandstone. — As its name implies, sandstone has for its chief eon 
stituent sand, cemented together by various HuhslaneeH, and it is 
largely upon the nature of tho cementing raatorial that the (juality of 
the stone depends, since the silica forming the sand is extivmidy 
dnrable. The best cementing material is probably silieic acid, hut 
most ^ndstones have carbonate of lime, iron, alumina, or magm’sia as 
part of the cementing medium. In selecting sandstone, a recent fnKiture, 
if examined through a lens, should bo sharp and tdean with grains of 
a unifoim size, well_ cemented together. Its weight should Iki at least 
130 ponnds per cubic foot, and it should not absorb more than f> per 
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cent, of its own weight of water when immersed for 24 hours. Sand- 
stone is nsod for all the best ashlar work. The most important 
variety for heavy engineering works is termed grit, from the formation 
in which it occurs. It has a coarse-grained structure, is very strong, 
hard, and durable, and is obtainable in very large blocks. For lighter 
^Qvkfrmlone is used, being more easily worked. 

TaIH.M 1. OF Htokkh. 


OmniteB- • 

PoUirlioad . . , . 

Ooniinh 

Ouanifloy 

Killhioy (Dublm) . 
StmdHto}us-' 

Oraigloifcli 

Brauiloy . , . 
J)arlov Top . . . . 

CirinBlnU l<VcoKtoii<» , . 

Hod Maiittflold 0 . 
White Manflllold 
lAnmtones-^ 

BatJi . ... 

Vortlaiid Whitbod 


weight ppr 
cubic foul. 

OruAhlnK weight 
ppr square foot. | 

I^oroniitage 
absorption of 
Itfl own weight. 

11)H. 

tOUH. 

per cent. 

m 

800 to 1200 

0-26 
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187 

000 


171 ! 

coo 

— 

340 

800 

8-0 

382 

240 

8*7 

189 

620 

8*4 

122 

gLO 

7-8 

148 

GOO 

4-6 

140 

400 

6-0 

128 

97 

7*6 

382 

205 

7*6 


Bricks. —Bricks arc manufactured from clay, sometimes mixed with 
other earths, by moulding the clay to the required size and shape and 
burning it in kilns. The quality of bricks depends upon the nature 
and } proportions ol the constituents of tlic clay, and the boat to whicli 
they are subjected m the kilns. A small (juantity of lime, very finely 
disseminated through tlio clay, is advantageous, as it assists vitrification 
when burning ; but if m lumps, on being burnt, it is (lonvertcd into 
(juiuklime, whicli, on exposure to daiup, sets up a slaking action with 
consequent expansion and liability to split the bricks. The proportion 
of iron contained in the clay induences the colour of the brick, which 
may vary between yellow, red, blue, or black. Bricks should bo burnt 
until vitrification is just commencing. The characteristics of good 
bricks are, freedom from flaws, cracks, (luicklime, and salt; they 
should bo of uniform colour, shape, and dimenaious, and when struck 
should give a clear ringing sound. The absorption of water is a good 
indication of the quality of the brick. No brick should absorb more 
than one-sixth its own weight of water. 

A test often included in specifications is to place a saturated brick in 
a temperatui’O of 20° P., and subject it to a load of 330 lbs. per square 
inch. If there are any signs of injury, such bricks are liable to bo 
rapidly disintegrated by frost, and should be rejected. 

There are many qualities of bricks, but the kinds most generally 
employed in first-class engineering structures, arc Staffordshire blue 
bricks and the finer Qualities of red bricks known as stock bricks. 
Blue brick has a glazed surface, making it almost impervious to water. 
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is very durable, and has a high compressive rcsistimco. It is used for 
the face of works in contact with water, for pio« anti aiHitnioiitH of 
bridges, retaining walls, and tunnels. Stock brniks arc usmilly tmiploytxl 
for the interior portions of works. The crushing resistanco of HtalTonl- 
sWro blue bricks varies between 0'£) and 2’H tons per H(jUttr(! inch, tlmt 
of stock bricks about 1 ton per square inch. Tim compHtHsivc stress 
on bricks should never approach tho crushing resistance, us tho masonry, 
of which they form part, is, as a struetnro, muidi weaker than the 
individual bricks. 

The weight and siso of bricks vary according to the locality of 
manufacture, a size frequently adopted being !) ins. x 1} ins. x .'t ins., 
and weight about 9 lbs. 

When used in curved structures such as small arches, hrii’ks should 
always be tapered to the radius of tho curve, to allow a uniform thick- 
ness of mortar in tho joints, and ensure an oven l>oariug. 

Specification fior firkhoork.—'i'lxQ bricks to be laid in the bond 
specified with joints not exceeding ^ inch in thickness. Kvery Jtimrsc 
to be thoroughly flushed up with mortar, and tlus liricks well wetted 
before laying. Tho work to be substantial, with neat ami woi'kniaii- 
like appearance on tho face. Ilouding joints to be truly vt'rticully over 
each other, and the horizontal joints perfectly straight and regular. 
Any cutting to bo neatly done. Arches to bo turncil in liulf-briek rings 
with bond courses every five foot through thi* unh. No b,ats to be 
used, except where absolutely necessary. All joints to be neatly Klrnck 
and drawn, and arch rings to be carefully kept in true (Uirves. Special 
care to bo taken in laying Uio different rings in are, lied work exceeding 
9 inches in thickness, so that on easing tlie centering, the si'jiarate rings 
shall fully boar on each other tiiroughout the whole length of the ari'li. 
If any lower ring settles away from an upper ring, so as to laiiise a ring 
joint to open, such joint shall not bo pointed or stoiqxid, excepling with 
permission of tho eugincer or the elerk-of-works, and any such defective 
rings are, if desired, to bo entirely relmilt. No brjoks to bi> laid in 
frosty weather, and newly executed work to lie adequately eoventd over 
at night. Circular work of less than three feet radius to be e.ve('nte.d 
with special radius bricks. 

Lime.— Lime is obtained by heating limestone to redness in kilns. 
This process, termed calcination, converts tlie limestone into (pnokliint', 
which on being slaked with water, either by sprinkling or nnmersion 
(the former is better), forms calcium hydrate. Tins substance, when 
mked with sand and water, and left to dry, changes into a solid mass 
which is practically again limestone. The chemical action which Uikes 
place 18 as follows : — 


on slaking, 
on setting. 


LimeHtonc = OaCoj 

(Cwbonatt* Dfllino) 

by calcinin^,^ = (JaO -f (U).^-> 

OaO + II/) = Call/),, 

. (Wtttor; ((JfllcluiwhydrAUO 
Call/)y 4* 0()jj = UadOji -f 


WhCTo the limestone is composed almost wholly of carbonate of 
hme, the resulting quicklime, called /cf or air-lime, will only harden 
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in air, and unlosB uBod with a auitahlo sand, only the exposed por- 
tions will s(!t in ruasonahlu timu. Linicstonos containing clay, 'tmen 
burnt form hydmulic, lime, which has the property of sotting more or 
loss rapidly under water or in damp situations. Such limes are said to 
1)0 fcohly or strongly hydraulic according jis the mortar of which they 
form the active ingredient, sets slowly or rapidly under water. 

Ol,AMHIKI()A'ri()N OP llYDBAirUO LiMKS. 


Hotting undor water. 


Klnu in 1/5 to %) In 12 mouths hard as 
Koaj). lliHHolvort with groat diflioulfcy. 

RosiHtH proHHuro ol Huger in C to 8 days. In 
i 2 months hard as soft stono. 
h^irm in 20 hours. Hard in 2 to 4 days. In 
G months may bo worked like a hard lime- 
Htoue. 


In the preparation of mortar, Hand is added to tlic lime to prevent 
excessive shrinkage and to save cost, but in no way affects the mixture 
chcnucttlly. Sharp, (dean, gritty sand should be used. The proportions 
of lime and sand may be varied, but tlic following give good results 
for ordinary purposes : 2-‘l parts of sand to 1 part pure slaked hmo, 
and 1*8 parts of sand to 1 part of hydraulic lime. 

Cement. — Cement is similar to the best hydraulic lime, but posaesses 
stronger hydraulic properties. There are two classes of cenumts— natnr<il 
and artificial. Natural cements are obtained by calcining naturally 
occurring limestones which arc found to produce cement. Koniau 
cement manufactured from nodules found in the London Olay is pcrliaps 
the l)est known natural ciunont. Having no great ultimate strengtli, it is 
unsuitable for use in heavy structures, and its use is confined to temporary 
work where quitjk setting is of groat importance. 

Portland Cement.— Portland Cement is the most wid(‘ly used con- 
structional material at the present time. It is the vital constituent of 
concrete which has largely superseded masonry and brickwork for heavy 
engineering works and all forms of construction capable of execution 
in reinforced concrete- The great bulk of Portland Ocment is manu- 
factured by calcining in rotary kilns an intimate mixture of suitable 
quantities of chalk and clay very finely ground and mixed with water 
to a milky consistency. The product of the fusion of this known 
as clinJeer, when finely gronua, constitutes the Portland Cement of com- 
nicrcG. A brief outline of the various stages in the manufacture as 
practised in one of the most modern plants is hero j^dven. 

Chalk is excavated on a large scale by stcani diggers and railed to 
gyratory crushers capable of reducing 200 tons of stone per hour to 
4-inch gauge. The crushed chalk passes to a rotary screen with 8-inch 
holes, the tailings from which are re-crushed by a jaw crusher. The 
crushed chalk is then elevated and charged into a reinforced concrete 
silo of 8000 tons capacity. The silo discharges into a set of combination 


ClAMff. 

I*«r cent. 

<if i'lfty. 

li^obly hydraulic 

5 tu 12 

Ordinarily hydraulic 

16 to 20 

Strongly hydraulic . 

20 to 30 
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tube mills 32 foot long by 6 tot in dianictot divided into three oom- 
partments, two of which contain forgt**! Ktcel ballR and tlio third, Hint 
pebbles. In those the chalk, mixed with water, is w» finely ground aa 
to leave a residue of not more than 10 per eent. on a IHO x 1W» niesli 
sieve. The chalk slurry from the tube mills is next delivered into a 
circular reinforced concrete tank 66 ft. iu diameter and 11 ft. deen, 
linliliTig about 1500 tons of slurry and furnished with an eleetrically 
driven stirring mechanism of the sun and plaimt tyi»«. Hy this incuns 
the slurry is continuously ngitiitcd and tho solid matter preventid fntm 
pinViTig to the bottom. Tho slurry tank dischiirges to a sump from 
which the slurry is lifted to an automatic measuring nmehinc which 
passes forward exactly tho desired quantity in any given time. From 
the measuring machine tho slurry gravitates down tin inclined shoot in 
an even film, to octagonal wash mills 20 ft. wide provided with rotnry 
stirrers. At this stage the clay is adtled to the, chnlk slurry hy tipping 
it down tho same shoot as that down which tho slurry is fhiwing. 'riiu 
clay is weighed previously to mixing with the ehiilk slurry. The 
combined chalk and clay slurry after mixing and stirring in the wash 
mills is strained through gratings to a sump, from which it is lifted to 
reinforced concrete triple mixers, each mensuring 40 ft. long by 20 ft. 
wide by 10 ft. deep, and provided with thnut sets of rohiry stirring 
arms. From these mixers samples are continually taken for analysis, an<l 
any adjustments in the proportion of tho in^m-tiients are made jinor to 
the slurry passing forward to tho slurry grinding tube mills. In tho 
slurry grinding tube mills, each 20 ft. long by 5 ft. diameter, the slurry 
is so finely ground that, when dried and pulverised, 05 per cent, will 
pass tlirough a standard siovo of IHO holes to the lineal inch. 'I'liew' 
tube mills discharge into a small tank with motor-driven stirring arms 
which forms the sump of tho slurry pumps. The, slurry ]inmpH tleliver 
the slurry to the feeding platform of tho rotary kilns, and also into a set, 
of storage silos of capacity suflicient to supply slurry to tho kilns for 
from 4 to 6 days running in the event of eastial Hl,ojipage of the supply 
of raw materials or breakdown of the grinding and mixing plant, since 
the kilns necessarily run continuously for long iieriods. In the storage 
silos, which are riveted stool tanks .50 ft. high and 2.'$ ft., diaineler, thi> 
slurry is kept agitated hy blowing air at about 2.''> Ihs. p<T winnre inch 
pressure upwards through tho sluiTy for short iH'riods at, intervals. 

The rotary kilns, 200 ft. to 250 ft. long and i) ft. to 10 ft. in 
diameter, are of riveted steel plates lined with refriudory hriek. Thi'y 
are supported at an inclination of 1 in 20 hy four cast-steel tyres 
running on rollers and driven through reduction gearing at the rate of 
about one-half to two revolutions per minute, 'riui output of clinker 
from one such kiln averages between 7 and 8 tons per hour. 'I’lio 
slurry from the pumps is delivered into a feed tank, from which it is 
measured hy a scoop wheel into a trough whieh discliargos into the 
tod spout leading into the upper end of tho rotary kiln. A toll-tale on 
tho firing platform indicates whether the feeding mechanism is oi«(rating 
satisfactorily or not. At tho lower end of tho rotary kiln pulvorisscd coal, 
previously dried in revolving cylinders, is blown through the firing 
nozzle in the hood covering the end of tho kiln and an intonso flame 
plays axially into tho kiln. Tho action inside tho kiln is us follows : 
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As the slurry Hows down tho inclinod rolating barrel, the water is first 
evaporated, and os it pusses furlltor down the kiln tbo calcium carbonate 
is decomposed by tho more intense heat and its carbonic acid ^as 
liberated. The lime is then free to combine with tho silica and alumina 
of tho clay, which chemical combination takes place in the burning or 
clinkering sono at a tem[)eraturo of between 1800® and 1(00® 0., calcium 
silicates and aluminates being formed. Tho calcined product or elinkeTf 
in tho form of ^reenish'blaok granules about tho size of marbles, falls 
froiti tho kiln into a rotating cylindrical cooler through which air is 
drawn. This air, heated by contact with tho red-hot clinker, is sub- 
sequently mMsed into tho kiln, whore it contributes to the combustion 
of tho c(»iu. 

Tho clinker falls on to a conveyor, which delivers it to silos con* 
structod over tho (soment grinding milk At this stage a small percentage 
of gypsum is mlded for regulating the sotting time of tho cement. The 
clinker is finally ground in combination tnbo mills similar to those 
already described, to a disgroo of fineness such that 6 per cent, only 
rennains on a standard 180 x 180 mesh sieve. The ground cement is 
then convoyed to store, from which it is drawn to automatic weighing 
and bag-filling machines. 

Bulking of Cement and Influence of Bine G-rinding on Weight 
and Strength. — By bulking is meant tho cliangci in apparent volume due 
bo increased finenciss of grinding. A cubic foot of cement carefully 
measured is found tO' bo of very variable weight dependent upon its 
degree of fineness. Tlio liner tho grinding tho less is the weight per 
cubic foot. The increase in bulk of a given weight of cement with 
finer grinding is attributed to the cushioning action of air. The 
Britisli Htnndard Spiicifioutiou for Portland Ooment (1925) requires that 
tho residue on a 180 x 180 sieve shall not exceed 10 per cent, after 
If) minnt(“s’ sifting. Table 2 shows tho inlluoiiC(' of fine grinding on 
the weight per onhio foot. Tho specific gravity of comout varies 
between :t 05 and U-10. 

Tahi.i-i 2.- iNKr.uKNOK OP Fink OiuNurNO on Wukoit op Okmhnt 
(.1. W. WoiisdaIjk). 


ruH!<luc 
on 180 Hiovo 

AolUiil weight; ]>cr 
((ul)l(i foot f 
MoaHurtul <lry 

Weight ixu’ t‘ul)Ii’ 
foot baHod on unifonu 

SugguHtud ugieud 
llguro foi weight 

volume on jniHto. 

per cubic foot. 

per cent 

11)0. 

lbs 

iba 

10 

‘JO 

90*0 

90 

6 

85*5 

8C*6 

87 

8 

82-6 

83-4 

84 

1 

80 6 

80-2 

81 


The bulking of cement has an important hearing on the quantity 
to be specified for making concrete, since if tho cement bo measured by 
volume, the actual weight employed will be very variable dependent 
upon the degree of fineness of grinding. For this reason it is preferable 
to specify the weight of cement to be mixed with stated volumes of 
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ooacse and fine aggregate. FineiietM of grinding hIh*) infitifiiccH tlie 
strength of cement. If cotmmt having a reHidiio of Id jut cent, on a 
180 X 180 sieve is oonsidered to weigh Do Iha }ht enhic foot, tlicn for 
every one per cent, reduction in residue (he weiglit will ho riHiuced 
approximately IJ per cent. Oh the other hand, for o<|Ual weights ttf 
cement made into concrete, one iwr cent, reduction in r«‘Hidue will 
increase the strength of the conoretu by the anioimtH sliown in Table Jl. 

TabI/B 8.— iNJiUBirosi OF Fink nRiNnr.vd on Htuk.soth of ('onomktk 
(J. K. Worhi»aijK). 


liAsed on at ago of i 

' VdiiyH. 

•I'H (lH}g 

•'( moiitim.' 
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* > «'Ar, 
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STssto.— The tensile strongtli of cement is nscertuined by making 
tests on briquettes of standard sluipe and diinensions. The I{.H.H.,i 
1!)JJ5, mpiin'S tins avenkge Umsile slrength of 
six briquettes of the form shown in Fig. I to 
be not loss than 6(>() lbs. jssr square inch, (.he 
tests being nmdo seven days after gauging. 
The brique.tte8 are to Isi kept in a damp a(nio- 
sphero for 2 1 hours after gauging, then removed 
from tlie moulds and submergcal in dean Iresli 
water at a teiupeniturt! of lietween IiS and 
Cd” F. until the time for testing. All of the 
well-established brands of cement will befonml 
to comply easily with tint above speediealmn, 
most being well above it. 

The B.S.S. also reejnires (.hut six !iri(jnet(.eH 
made from a mixture of one part of eemeiit to 
throe parts by weight of standard ( Is-igldon 
Buzxard^ sand shall show ihi* b>llo\ving average 
Tint * 1 , oor 11 stnmgths : Heven davs afhT gaiiginr 

fe?s mmu no(’ 

Breaking strength at 7 days + ,, _ „„ • , 

Brkg. strength at 7 days ^ ‘ ’ 

Le SateSf soumlnej« of cement is determined by the 

he tnatehei test. Jho appanitus, illustrated in Fin. 2 eonsists of a 

B S 8 mid nh ^ ‘'Ixxa.nditi.ms of the 

Bnuor water for 24 hours. I(, is (,heu removeil from 
the water and the distance between the ends of the imlieators aecurutidy 

Beport'Sf Steuflanls ((ommittee, from 

cation for i'ortLnd^Ocmont! ^*'',’,''*’*1* ^tamlard Hpoclfl. 

CoiiQiixiiitQo. ’ ^ pormissiou of the iiijQgitioQtinjf BtuuiiftrdMi 


Cross Sechon 
Pig. 1 . 
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measured. Tlio mould is again immersed in cold water which is brought 
to boiling-point and kept boiling for six hours. After allowing the 
mould to cool the distance between tho 
indicators is again measured. The expansion 
should not exceed 10 millim6tres after 24 
hours’ previous aeration of the cement, nor 
5 millim6tres after 7 days’ aeration. 

Time of Setting - — Tho time of setting is 
determined by the aid of the Vioat needle 
apparatus. For tho method of making tho 
test the reader is referred to tho B.8.8. 

The initial setting time of normal setting 
cement should not ho less than 30 minutes 
and the final setting time not more than 10 
hours. For quick-setting cement the initial 
setting time should not bo less than 5 minutes 
and the liiial setting time not more than 30 
minutes. 

Rapid Hardening Cements. — The iin- 
porbanoe of speed in constructional coiKjrcto 
work has cr(3atcd a demand for Portland 
cements possessing quick -hardening pro- 2 

porties. The advantages will be obvious. 

Concrete roads may be opened to trailic afb(T two or three days, 
shuttering may bo removed from reinforced concrete members in a few 
days, and concrete pilc.s driven in from two to seven days after 
moulding instead of reijuiring curing for several weeks. In general, 
this class of ci'inents ]ioBsesseB superior strength to ordinary Portland 
clement, and thus makes for economy in weight. Quick-hardening 
cements should not bo confused with those (juiek-setting cements which 
have to ho uhimI with gr(‘at sjie.ed and pineed in siiu within a few 
minutes, as, for instanci^, Roman cement, A (‘oiisiderahle iiumhor of 
such ccin(‘nts are now on tho market, some of the widest known being 
Oim(‘nt Fondii, FiTrocrete, and ^runnclite. 

(Umcn! Fonda. — This ccinimt, introduced in 1 i) I H, is often referred 
to as an ahiimnous (^ennuL It will he seen from Table 5, its con- 
stitution ddbirs consKhTably from that of normal Portland cement, in 
that it (U)ntains a much larger percentage of alumina and mncli less lime 
and silica, the n'sulting chemical action on hydrating producing an 
essential crystalline striieiure of aluminate of lime lu ])1jicg of silicate 
of lime, winch structure matnroH and lianlcns in a much shorter time 
than a structure mainly siliceous, Cimenb Fondu is not quick setting, 
its setting time being longer than that of Portland cement. It poRSCssea 
greatly iiuu'eased strength and develops considcralile heat during setting, 
thus being advantageous for use in frosty weather. Since it contains 
no free lime it is more jicrmanently rcitentive of colouring matter. 

FerroerHe- — •Forrocrete is a rapid-hardening (jcinent having a final 
setting time a little loss than that of ordinary Portland cement, and 
thus allows ample time for placing concrete in position before setting 
has a])preciably i)rogr(‘Ssed. In about four days concrete made with 
Forrocrete attains approximately tho same oomprossivo strength as does 
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Portland oemont ooncn'to in dayn. AIbo, in two tluy«, KiTrocroto 
mixed with throe parts of siuni tlcvolo]* u coimitliTubly jjmitor Unmile 
strength than that rwjuinfd by the in ’-*h <l«y«, tiicHtt rimults 

being well substantiated by in<l(‘iK*iulfiit testing untboritieH. It is 
obviously of groat advantage in reducing the iHuotml of HbutUTitig 
required on extensive works, its suiwriitr Hlrength {KTiuitH of leaner 
TniTftH of concrete being used for equal fltrengtli with ordinary I’ortland 
cement concrete, precast units may l)c lifted and nnjVfd earlier, pihm 
driven in a few days and concrete structures generally loadtal inneh eurli<-r. 

Table 4 gives representative remidts of tensile testa on S to 1 sand 
and cement briquettes at various ages. 

TaKLM 4.— TKNMI,ti TkKTO op Hand and CkMUST Unlql-KTTKH. 
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Tablh 6.— Eki’umsbntativk Anai.vhks op Vahioi s 


Insolublo residue . . 

Silica 

Alumina « , . . 

Iron oxide , . • . 
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Sulpburio anliydriclo , 
Sulphur (as sulphide) , 
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Loss on ignition. , 
Titanium oxide . 

Other constituents . . 
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O'UI 1 

OdiM 
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Concrete.— Concrclc is formed by mixinjc toKuthcr HuiUiblt* 
portions of broken stono or gravel, mu], comont and Tim 

mortar formed by the sand and coniont is called the mttiru. The larger 
material constitutes the aggm^aU. The sand and aggregab*. hUouM bo 
clean, and where great strength is required tho aggri*galo nbould <tonHiKlt 
of hard material. The stono is bolter specified oh voan^ aggregaUj iuid 
the sand as/ne aggregate. To secure the best results the Htono Hbould 
be well graded in size between specified limits so that tho HmalliT piect^B 
help to fill the relatively large voids which would otlicrwiso obtain if 
the stone were of uniform size. 

In Fig. 3 the whole of the voids in stone of sensibly uniform size is 
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filled with mortar. In Fig. 4, where stone of two screened sizes is used, 
more of the voids are occupied by solid material ; and in Kg. 5, where 
the stone is well graded, the maximum density is obtained with the 
minimum quantity of cement. For concrete in mass the stone may 
be from inches downwards, but for reinforced concrete slabs ana 
members generally, J inch is usually specified as the maximum size of 
coarse aggregate to ensure thorough filling between the reinforcement. 
For massive concrete work, rubble or cyclopean concrete is used (see 




Fio. 4. 


Fia. 6. 


page J170). The sand should also be graded from | inch down, the larger 
proportion ])aftHing a J-iuch mesh. Fine dust should be rigorously 
excluded from both stone and sand. Ft is a source of weakness, as it 
has no body to whicli the cemont can adhere. The object of grading 
is to reduce the iicrcont-agc of voids as far as possible, an ihe purpose 
for 'whkh oemout is added 'is to act as a binding material and not to fill 
Ihe voids. 

Proportions for Concrete.— The careful proportioning of the con- 
sLitueuts of (^on(•.rete for a given purpost} is a (iormiderahlc snlqect in 
itH(‘lf, but for most ordinary ]Hirp()ses thii following method may be 
followed. Thii |)(T<uiutai;e voids of largo and small aggregate should 
be known, h'or the larg(‘ aggregate the ])m’contage voids may be found 
by (illing a tank of known ea])a<!ity with the previously soaked aggregate 
and nu^aHuring th<^ ([iiaiiLity of wati^r reipiirod to lill up the tank. In 
estiinatiiig the voids in sand this method is not m satisfactory owing 
to the (liHionlty of rohiusing all the air botwecii the closely jiacked 
grains. The spi'eific gravity of the sand is pnd’erahly taken and the 
voids calculated therefrom. 

The proportions are usually specified by volume, taking the cemont 
volume as unity. Thus 1 : "2 : •! indi(5at.eH 1 iiart by volume of cement, 
2 parts of fine aggn^gati*, and 4 parts of («)arH(i aggr(‘gat(‘, and is known 
as 0 to I concrete, voids of the largis aggn^gato represent the 
minimum volume of mortar reijuircd to form a dense oonenie if perfect 
mixing could be onsurc'd and no wastage of cement occurred between 
mixing and laying, hut the volume of mortar should exceed hy about 
20 per’cent, the volume of the voids in the i^oarsii aggregate to ensure 
thorough soundness. Hinco the prcentagii voids of most aggregates 
range from about JJO bo 4,5 (see Tunic 0), tliis (juantiby of excess mortar 
will represent from G to 0 percent, of the total volume of the aggregate, 
including its voids. The cjuality of the concrete may bo varied by 
using different proportions of sand to cement, a larger proportion of 
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sand "<nKng a weaker l)Ufc leas exiioiwive eonercU'. 'rublii fi |{ivt!K tlui 
approxiuiato perooiitapio of voidH to bo oxjuHitod iu various u)(){r<'({uU!H, 
but where doubt exists these siiould lie iiotually uieaKurt'ii. 


Tabm 6. - Peuomntaok V<*ii)s m Aihiukoatkh. 


Material. 


IVP i*t VuJiIa. 


Granito chippingH . 
Orushod HanaHtoiio * 
Sandstone . . « 

Limostono . , * 
Sandstone . , . 

XjlmeHtone . . • 
Broken brick • 
Thanaos ballast . . 

Trent sand . . • 

Bound pebbles . . 

Thames ballast . . 

Gravel .... 

Sand 

Gravel , . . 

Mixed gravel and sand, 


2 in. 

8 in. to I In, 

1 In. to i in. 
X| in. to i in. 
1} in. 

1 in. to In. 

in. down. 
8} iu. to 1} iu. 

in. to { in. 
{t in. to } in. 
i in. down, 
i iu. to i in. 


47’tl 

rj'ft 

41'0 

tm 

aH'fi 

mti 

ir/’f# 

a7':t 

nv't) 

iifrii 

jH’rt 

ikH) 

‘.{7*8 


Example 1. — To find tho reUitivo qmntitivu of dnj maf^uiU in iw 
used of coam aggrogale having 45 miL voidn and finv aggngafr o/ 
sand )ming 80 p&r cmL voulSf the mortar to ho I of eemrnt to iJ of sand 
and to he 20 per cent, in exem of the voids of tho largo agt/rruaio. 

Let X = voluino of ocinent ; 2x = volunKi of Kami. 

Yolumc of sand voida = X 2/ - 

*\x 2/ 

Excess of cement over sand voids = j ^ 


2.r I 

Yoluiue of mortar = 2./* + . j:- 

i) .» 

Hence, volume of voids of large aggregate sliould - j!JJj \ =- 2.r, 

- 100 . 100 
and volume of large aggregate = X its voids = \lv i* l r. 


The required proportions by volume are then^foiv 1:2: 1*. 
The volume of concrete resulting will be the volunn 


of the 
4 U 


large 

<»t 

■III 


aggregate including voids + 20 per cent, of its voids =« 4* 

2x = 4’84aj, 

The volume of ingredients before mixing = / + 2/ + 4''1 1/ - 7*4 

7*44 

Hence for 100 cub. ft, of concrete X 100 « I.MbT'J nil), ft. 


of dry ingredients would be required, assuming no waste, iu mixing and 
transporting. A slightly richer mix would be desirabhi if watertight- 
ness was a special consideration. 

While it is still a general practice to specify the proportions by 
volume, it should bo romoinbered that a cubic foot of cement may 
contain a very variable weight of cement according as it is loosely 
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moasTired or well shaken down. Tho dogroo of fineness also affects the 
weight tis shown in Table 2. For those reasons it is preferable to 
specify the weigfd of cement to bo used with stated volumes of aggregate. 
Mr. j. B. Worsdale has recently proposed a now speeification for the 
proportions of concrete as follows : “ Tho proportions of coarse and 
lino aggregates shall bo 5 cub. ft. of coarse aggregate and 2^ cub. ft. of 
fine aggregate to 1 cwt. sack of cement.” These proportions are based 
on a cement having a fineness which just complies with the British 
Standard Specification, but for cements having fineness given below, tho 
quantities of aggregates may be increased according to tho following 
schedule : — 


Ceniont lOHiduc on 
lUO X 180 HlUVU. 


XnuroaHod proportions of aKgro^ato 
l)or civt. of cuiuout. 


(’oarso 


Klnu. 


per oont. 
0 
3 
1 


0-17 

035 

0-56 


008 

0-17 

0*27 


tSncjh a Riiccilu^alioii oiihum the proper (inaiitity of <‘emcnt being 
employed. Taking one cubic foot of cement equal to 1)0 Iba., one cwt. 
would be tlio ciiuivaleut of practically cub. ft., and a spociliod mix of 
I cwt. of cciuciit to 24 cub. ft. of line and 5 cub. ft. of coarse aggregate 
18 (‘(luivaknii to { cwt., or one cubic foot of cornent actually weighing 
00 11)8. to 2 cul). ft. of fine and 1 cub. ft. of coarflc aggregate. Bpccilied 
in tliiB way, the proportioim in Kxaiuplc 1, above, would be — 

1 cub. ft. X P, =: I cwt. of crinenl, 

2 „ X 1 1 = cub. ft. of line aggregate, 

and 1*14 „ x I , = 5 of) cub ft. of coarHc aggregate. 

f^Uaup Tv^l for (<on!>istoiirff — ^rh(‘ c.onHiHtimey of concrete m readily 
ascertaiiu'd by tlie Slump Tent. A Hampl(‘ from the mix is filled in 
throe laycTH, with a pneki'r, into a truncjited corneal mental mould 12 in. 
higli, H iiiH. baHi‘ and -1 iim. top diameter, 'fhe mould ih then lifted and 
the slump or settlement oi tho coiicreti* measured. A slump of i in. 
to 1 in. represents (U)iicret(*, of “Normal (bimistency.” Slumps of J in. 
to 1 in., 3 in. to 4 in. apd •> in. to (> in. represent consistcmoies suitable 
for inaohine-finished roads, lieavy reinforced sections and thin vertical 
reinforced sections respectively. 

Compressive Tests for Concrete. — (loniprcssion ti^sts, wlii(jh are 
more reprcflcntativc of tho strength of concreti^ as gimcrally used, are 
usually inaile on O-in. cubes for small aggregate u]) to 1-iu and O-in. 
or 12-in. cubes for larger aggregates. 4Mie cubes should be accurately 
shaped and cast in metal moulds. They are removed from the moulds 
in 2 1 hours and kept immersed in water at (;o° F., or they may bo 
exposed to the weatliei* under damp clotlis, at tho site where tho concroto 
is to bo used, until ready for testing. I'lic following table gives typical 
results of compressive tests on concrete made with diEorent cements at 
various ages 
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OOMPUKSfllVK StKKNOTU OK (lOSCRKTK. fi-IM. (Jl'IlRH. 



Porllcmd Oemmt 


1:2:4. 


1 : 2j : 6 
1 : 8 : 0 . 


Werromk 


1 : IJ : 8 


1:2:4. 


1 ; 2J : 5 
1:8:6 . 


Omimt Fondu 

1:2:4. . 
1 : 6*14 


l iUy. 


8000 


i«jr Jiinmrw uirli 
a<Uy«, 7 4ftyi». | 


IHfiO 

8040 1 

1650 

ailH) ; 

U70 

2H(?0 

840 

ItXK) 

8470 

671K) 

8000 

6020 

nm 

4560 

1850 

8400 


8HtO 

6258 

7()42 


aK ilnyM, { ywnr. 


ftOW) 77U0 

4400 (\m 

iHftO 66H2 


H‘.*40 

VHfK) 

40H<) 


HUM) 


Asphalts. — Asplialfco is u«od to a great ext(M»t in engint;erini,c w<»rkH 
for damp-proof courses, and layers in mtpnry au<l l^ridges, rniulrt^ 
roofs, etc. It is a combination of bitumen and (mlfarenuH mattrr, 
naturally or artificially combined. Tlui natural aKphalteH an* usually 
found as limestones saturated with 8 to 12 pttr ei»nt. td hituunm In 
preparing such asphalto for uho, tin* nxdv w ground to a posNder, 
with sand or grit and heated with mineral lar. (douMar Hlmuld not 
be used, being brittle, easily crushed, and readily softened undt*r iieat) 
The mastic, as the inixturo is then called, is laid in situ as a thiek 
liquid. If the natural rock conlainH a large iH*reentage of lntmuen it 
maybe laid, after gninding and heating, as a powder, in ahmh ease it 
must bo thoroughly rammed, whilst hot, so as to form on<‘ sfdtd mu s 
The proportion of grit in the inastks will vary aeeonhnii; to the 
purpose for which the asphalto is to be usotl. 

For roofs, lining of tanks, etc. . . 2 of grit to is ol asplialtt*. 

„ flooring, footways, etc. . . - » !<> „ 

Timber. — The uses of timber in ungiueeriug HtrmiureH may Is.* 
classified as follows : — 


1. For marine works. 


2. „ exposed structures oilier than marine works. 

3. „ parts of structuroH under cover. 

4. „ paving. 

For the first three classes strength and durability are essimtial, and 
for the last hardness is the chief quality required. All timbi*r Htna^ureH 
situated in sea-water are subject to the attacks of Hea-w<irmH, whi<’h 
bore into most varieties of timber, and redneo or entirely destroy its 
strength. For such situations the most suitable timbers are greeuheart 
or jarrah, as these timbers contain an oil which renders thorn to some 
extent immune from the attacks of sea-wonus. For the HC‘cond (dass 
the timber is usually preserved from weathering by creosotiug or other 
means, which is unnecessary for the third class. 
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Mectio/i of Holoction ol timber should bo entrusted 

only to a thoroughly exporicncud person, as the quality can only bo 
judged after nuKth personal oxpcricmic. For all the mam members of 
structures the heartwood only should bo used, the outer portions, or 
sapwood, being inferior in strength and durability- The annual rings 
should bo regular, dose, and narrow. Darkness of colour is gonorally 
a good indication of strength. When freshly cut, the timber should 
have a sweet smell ; a disagreeable smell usually betokens decay. The 
surface should 1)(^ firm and bright when planed, and when sawn the 
teeth of the saw sliould not bo clogged. Knots should not bo large, 
numerous, or loose, 

Ultmificaihm of Timhor aecordituj io fiizK - ^Timber is converted from 
the logs or balks to (sommcjrcjial sizes by different methods of sawing, 
depending upon the uses to which the titiiber is to bo put. 

The usual mm of timber employed in euginoering construction are 
the following ;- 

Whole or sejuani timber 0 in. x 9 in. to 18 in. x 18 in. 


Half iimlm* .... 1) in. x in. to 18 in. x 1) in. 

Planks . . ..11 in. to 18 in. wide by 8 in. to 6 in. thick 

Deals \) in. wide by 2 in. to 4 in. thick 

Rattens 4 i in. to 7 in. wide by 4 in. to 8 in. thick. 

Variotiea (f Timber, —For engineering purposes the following are the 


most generally used timbers : — 

IhnOy Hal Ur, someLimes known as red or yellow lir, consists of 
alternate hard and soft rings. It has a strong resinous odour, is easily 
worke<l, but is not nearly so durable as some of the harder timliers. 
The best varieties are those in wliuJi the annual rings do not exceed 

in. in thiekiiesH, and contain little resinous matter. In seasoning 
the maximum shrinkage is /„th ])arL of its original width. 

Sizes ol)lainal)l(‘ - Balks 10 to 10 in. Hijuaro, 18 to 45 ft. long. 

Deals '’2 to 5 m. thick, 0 in. wide, 18 to .50 It. long 

Uses. — Docking, tenqiorary work, or in positions where llierc is 
little or no stress. 

Amenraa Red or YrUom Pine, is clean, free from defects, and easily 
worked, but is weaker and less durable than Baltic pine. 

Sizes. — Dalks I o to 18 in. winare, Ki to 50 ft. long 

Deals 2 to 5 in. thick, 1) in. wkIi‘, ](> to 50 ft. long. 

UsoH. - Similar to Baltic pine. 

Pitch Pirn, obtained from the soulhoni states of America, is a 
timber very largely employed in engineering works on account of its 
strength and duratiility. It is very hard and heavy, and contains a 
large proiiortion of sapwood full of resin. It is liable to cupshakes, 
will not take paint, and is very hard to work. 

Sizes.— JJalks 10 to 18 in. square, 20 ft. to nearly 80 ft. long. 

Deals 8 to 5 in. thick, 10 to 15 in. wide, 20 io 45 ft, long. 

Uses.— For the heaviest timlier structures, where strength and 
durability are essential. The long lengths in which it is obtainable 
make it very suitable for piles. 

Odfky Englkh, is the most durable of northern latitude timber. It 
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is very strong, hard, toiif'h, and cluBbio. C-ontninH pillKS neiil, whu-h 
increases its durability, but corntdoa any iron pumstnitiuK tho tiinlHT. 

Xj-ges.— It is too oxpeusivo for use in Koneral cuftinooriiijjc works, 
and is only employed wkoro cxtremo strenixth ami durability are 
required. 

Oak, Amriem, is similar in many resiKscts to Rnjjlish, Imt is inferior 
in strength and durability. It is sound, hard, tough, elastie, and 
shrinks little in seasoning. 

Sizes.— Balks 12 to 28 in. wjuare, a.'t to '(o ft. long. 

Uses. — Similar to Kiiglish oak. 

Cfrmimrt is probably tho strongtmb timbor in nm*. It is dark 
green to black in colour, and obtaimiblo only from tho northern part 
of South America. It has a lino straight grain, is very hard and 
heavy, has an enormous crushing rcsistimeo, and contains an oil which 
resists, to a great extent, tho attacks of sea- worms. It is very apt (o 
split and splinter, and care must ho taken when working it. 

Sizes. — ^It is imported rough in logs 12 to 21 in. Hijuarc, and up to 
70 ft. in length. 

Uses. — For piles, dock gales, jetties, and all marine Htrnelures. 

Beech is black, brown, or white m colour, is light, hard, compact, 
not hard to work, and is durable if kept constantly either wet or dry, 
hut if alternately wet and dry it (|nickly rots. 

Use. — ^1% piles and sleepers. 

Mm possesses great strength and toughness. It has a close lihnms 
grain, warps, and is diflieult to work. It should he used wluui freshly 
cut, and kept continually under water. 

Uses. — ^For piles and fenders. 

TABI;B 7.— WiOKJIIT AND StUBNOTII 01-’ TlMIlKK. 


Timluer (aeoDonod) 


Weight jK'r 
cubic luut 


RoHlHtunn* to rrtmU* IhfakltiK loiul tit 
Ing In ilim'tlon i4 rrntrt* bit 

gtiilii In t«ntH |M‘i btnm »"x r' - i 

HtjUiirn hit'll tl n}i lu 


Pino, Dantxig ... 


„ Axaoricau Jlod . . 


M „ YoHow . 


„ Pitch , . . . , 


Oak, English . . , 


„ Amorioan . . . 


Groenhoart .... 


Boeoh . . , . . 


Elm . 


Teak . . . 


Jarrah .... 



Il>H. 

U 

ao 

'12 to .18 
48 to GO 
H 

Goto 70 
43 to 63 
3G 

41 to 66 
GO to 03 


2*1 

1- H 
3*0 

2- 0 
3* I 
6-8 
3*4 
2‘G 
2-3 
3‘2 


•I’f* 


G’H 
• 1’2 
.1-G 
6 4 


U<H 

4<K) to 7{K) 
3110 to 670 
470 

360 to MKl 
6(K) „ 7f>0 
600 „ V(K) 
m) ,» 16<K) 
660 „ 700 
360 „ 460 
OHM) 7tH) 
6(X) „ GW) 


leak has a dark brown colour, is light, but very strong uiid stilT. 
It contains a resinous oil, which mafoss it very durable, and able to 
resist the attacks of ants. It is easily worked, but splinters. 

Sizes. — Balks 12 to l.'i in. square, 23 to -10 ft. long. 

Uses. Used to a great extent iu shipbuilding for backing armour, 
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as tlio oil ib coutains (loos nob oorrodo iron. Ib is also used for docking 
and structures liable to the attacks of ants. 

— A red Australian timber, with a close wavy grain* It is 
very durable, and contains an acid which partially resists sea-worms 
and ants. It is full of resin, brittle, liable to cupshakes, and shrinks 
and warps in tlio sun* 

SiKos. — Balks 1 1 to 2*t in. square, 20 to 40 ft. long. 

Uses. — Similar to greenheart. It is also used to a largo extent for 
wood pavement. 

Whore two values are given in the above table for the crushing 
resistance, the first is for timber moderately dry, and the second for 
thoroughly seasoned timber. Timber when wet does not possess nearly 
the same strength as when thoroughly dried. 

Shmnntj SiremjtlL — Tlitj shearing resistance of timber is very 
variable, and few reliable experiments have been made to ascertain such 
rcHisbanco. Kankine says the shearing strength along the grain is 
practically the same as the tensile strength across the grain. The 
following arc approximate shearing values along the grain : — 

Oak, olin, ash, hirch over 1000 lbs. per sq. in. 

Hycaniore, Cal)an pine „ 000 „ „ 

Norway iiine, white pine, spruce , „ 400 „ „ 

English oak trenails, across the grain „ 4000 „ „ 

Decay of Timber. — Dnj rot is caused by the confinement of gases, 
produced by warmth and stagnant air, around timber The fungus 
thus produced feeds upon the wood, and reduces it to a powder. The 
rot will spread to any wood in the vicinity. Unseasoned timber is 
more liable to dry rob than seasoned. Thorough seasoning, ventilation 
and protection from dampness are tlie best precautions against dry rot. 
Wet rot is th(‘ de<^omposition of wood by chemical action through being 
kc])t 111 a wet state. It is not infections excepting through actual 
contact. Thorough seasoning and preserving by painting, creosoting, 
etc., will prevent wet rot. 

DeMruvthon of Tmbe), — All marine timber structures are liable to be 
destroyed by sca-worms, chief amongst which is the Teredo. By 
em[)Ioying greenheart or jarrah the action of the sca-worms is to some 
(‘xteiit prevented. Other precautions adopted arc, covering, after 
tarring, of all timber below high-water level, with sheet zme or copper, 
or studding the whole surface with scupper nails. Wlicrc timber is 
liable to be attacked by wliito ants, teak, jarrah, or other ant-rosisting 
timber should be selected for use. 

Semon'inij , — The object of seasoning is to expel any sap there may 
be remaining in the timber. Natural seasoning is performed by 
stacking balks in layers, under cover, and allowing a free circulation of 
air to pass around each balk. This process requires a considerable 
time, taking between three and twenty-six months, according to the 
description of the timber and the sizes under treatment. Water 
seasoning reduces the time occupied. By this method the timber is 
placed under water, preferably in a stream, for a fortnight, after which 
ib is stacked under cover and allowed to thoroughly dry* Whilst under 

0 



18 


STRUOTIIRA I- UNO IN KHRI N( J 

water the sap is diluted and (sirried away, tluw rcdueiiiK the time 
required to season when staciktHl. 

DmieaiiM is seaBotun}? the timber by (inehminj? it in a ehumlier ami 
circulating hot air around it. Thin nuitliod redmifH tlie time reiiuireil 
for seasoning, but care uiiiHt bo taken that the heat in not Kiiilleieiit to 
cause the timber to split. This method of huusoiuhk Ik uuKitiiable for 
large Wks. . 

Seasoning reduces the weight of timber by ito i«r cent, to .*t:l 
per cent. 

Prmrvatwn of Timber.- The moat effeelive menim of jirenerviiig 
timber is, after thoroughly seaBoiihig, to lill up the poreB «o uk to 
exclude all moisture from penotraUng below the Hurfaee. Many 
processes for accompliBhlng tbiw have been udopled, but the moHt 
successful is that of cniosoting. 

Crmoting.—l^^ this prooesH the timber is thorouglily impregnated 
with dead oil of coal tar. Two methodH of aeiiompIiKhing tliiH are in 
use. The older method oonHiHts of pliuiing the timber, after HeaHoning, 
in an airtight cyliuder, exhauHting the air and then admitting the 
creosoting oil, at a temperature of 120 " I', and 170 11i.b. per Ktpmre 
inch pressure. After maintaining the preHHiiro for a. Hiiort time, the 
oil is removed from the cylinder and the timlaT alloweii to dry. by 
this treatment up to 20 lbs. of creosote per oiibiii foot of timber eaii 
be injected. 

A second method, known as the Uueping proceKS, has latterly been 
extensively adopted in America. After placing tlia HeuKoiied timber in 
the cylinder, the air pressure is iiicreuHcd to 7f) Ib'i. per wjiiare ineh, 
and whilst at that jirossurc the cylinder iH Idled witii ereowote. The 
pressure is thou gradually iucroaHcd to 1.^0 lbs. per Kipiure inch, and 
allowed to remain at such prcHHure for If* minutuH, afier wltiidi I lie 
pressure is reduced to that of the atmoBpliere. and the creosote drained 
from the cyliuder. The air in the cells of the timber, having lieeii 
compressed to 150 lbs. per wpiare ineh, expamlH and forecH any surplus 
creosote from the cells. To remove any oil from aronmi tlie outside of 
the pores a vacuum of 22 inohes is erealed. The total operation 
requires about 4^ houiu By Huh treatment about f> llw. of ereosute 
per cubic foot of timber is Huflioiciit to preserve tin; timber against 
decay in oi’dinary Bituations. 

The amount of oreosote reipiiml per oiibic foot of timber will vary 
according to the nature of the timber and the proiiortion of Hiipwood 
in the piece. 

Bowliem's Proem consists of forcing co]iper siilpbiite along the 
fibres until the timber is tborougbly impreginitud, and is very Hiiceossful 
in preventing dry rot ; but if the timlKir lie exposisl to the act, ion of 
water the salt is dissolved and carried away. It has not the power to 
repel the attacks of white ants or searwoTins. 

K^jan's iVoms.— Biclilorido of mercury is, by this process, injeeteil 
into the pores of the timber. To some extent it prevents destruction 
by ants and sea-worms, and is eilectivo against dry rot, but is now 
seldom employed. 

Metals.— The metals of greatest use in constnietiou are cast iron, 
wrought iron, and steel. All being derived from iron ore, iron forms 
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the chief constituent of each. The iron in the ore is in chemical 
combination with other materials, which are partially removed by 
smiting. The iron after smelting is known as py won. Oast iron is 
manufactured directly from suitable pig iron by remolting and running 
the molten metal into moulds. Wrought iron is made from pig iron 
by processes termed refining, puddling, and rolling. There are a 
number of methods of converting iron into steel, the chief being the 
JJessemcr, Siemens, and Siemens-Martin processes. The description 
of the processes of manufacture cannot be entered into hero, but may 
bo found in works on metallurgy. 

The chief dilTorcnco in the chemical composition of the three metals 
is the proportion of carbon contained by each. The following table 
gives typical percentages of carbon and other impurities in the metals. 

TaBLM 8.— ANAnVHHS OK InON AND STKnn. 


Oarbott . 
Silicon » 
PhotjphoruH 
Hanganoso 
Sulpbur . 


CttHt Iron. 


Tor cent 
2*0 to G-0 
0*2 to 2'0 
0 038 
0-018 
OOU 


Wi ought Iron 


IVr cent, 
0 to 0-25 
0*032 
0 004 
traco 
0114 


Stool. 


Per cent 
0-15 to 1*8 
0 015 
0*041 
0 683 
0*035 


The carbon in caat iron exists partly in the state of a mechanical 
mixture, when it is visible as black specks in the mass and gives the 
iron a dark grey colour, and partly as an element in the chemical 
compound. Free carbon makes the metal softer and more «adapiiablo 
for casting. 'When chemically combined, carbon imparts strength and 
brittleness to the iron. 

The cliuif differences of physical properties are shown in the 
following table. 


TAniiK 0.— PjiYSithAL pRonnitTXKS OK Inorx and Stmkl. 


Vaat Iron 


Wiought non 


Stool 


Haid 

Brittle 

Fusible. 


Soft 


Malleable 

Ductile. 

Forgeable 

Tonacious. 

Weldable 


Medium to bind. 

Fuf»iblo when con- 
taimiig a high pel - 
contago of caibon. 
]\ralloablo. 

Ductile. 

Highly elastic 

Tomporablo. 

Weldable. 


Cast Iron. — The use of cast iron for constructional purposes baa 
diminished to a very great extent in recent years owing to the improved 
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meiliods of manufacfcuriuji: wrought iron and Htrrh Uh uho h now 
restricted to coluiuns, bed platoH, cylimlcrH, luui Himilar memherrt that 
arc subject to purely coniprcHHive Htrenn, 

Ultimate dreiKjtk of cast iron — 

Tension .... 7 ft) 1 1 tons jsT Kijuaro in<;h. 

Oomprossion . . . to 00 

Shear HtoIO „ 

The transverse strengtli is often in j*n*fort’nt*e to t!io <*o*n- 

proaaive and tensional stnuigths. Test oust m tlt«* tituin ('UHtiug 

and afterwards removed, are tested by supporting them us hi^ums »in<l 
applying central loads. A usual Hpe<*hi<5atioii^ for stu'h tests is as 
follows: Test pieces to be 2 inches deep, 1 inch wide and 0 feet 
G inches long, and placed on supports n f(M*t a[»urt, 'I'he (’mtral 
breaking load to be not less thtiu 28 ewLs., aud the deilt»c(iou iu^ lU, 
least ^ inch. 

The very marked difference between the Htrtuigth in teimiim and 
compression makes it unsuitable for ginlers, and ulthongh formerly 
used for such, the practice is nowdisesmtinued. Tin* <u>st of product ion 
and the high compressive resistance of <*aHt iron render it. an et'onoinieul 
material for use in compression m<nnbei*H subject to steady <leHd loads, 
but it is liable to fracture under sudden Hevt*re shocks. (In^y iron, in 
which there is a largo porcenttige of fnuj (*urhtm, should be nse<I f</r 
casting. Columns shotald always ])e cast iii a vertind position t,o ensure 
a uniform density of metal, and to allow air bubbles ami scorise to rise 
to the head and be removed. In ousting hollow ci>lmnus tin* (au*e is 
more easily adjusted aud kept in positi<m by the ahovi^ method tlnuj if 
the column wore cast in a horizontal position, (listings should he 
clean, sound, and free from cinders, lur holes, and hlisteis. Wavy 
surfaces on castings indicate, une<mal shrinkage and want of unibumity 
in the texbui'C of the iron. Kille.d-up Haws cjiu he detet'ted by tuppiii", 
on the faces ; a dull sound is given out by the lilling. 

The uncertainty of obtaining perfe.etly Hound (jastings nereHsitules a 
high margin of safety be.iiig adopUid. 

Wrought Iron. —Wrought iron husa fibrous Htrueture,uml,cumj)an*d 
with oast iron, is soft and ductile. Its tjuality di'pemls, in a great 
measure, upon the rolling process it has iind(*rgone. 'flie best quality 
is producod byroiioabing the process of piling, welding, and ndling some 
three or four times, 

Strength , — To ascertain the strength of wrought iron, samples 
should be cut from ea(ih rolling and tested in tension, ntfling the 
ultimate stress per s(iuare inch, the elastic limit, the perci‘utag<’. <donga- 
tion, and the percentage reduction of artsa at fratiure. Tin* usual 
requirements for strength are given in the following tiddc : 
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Round or fiquaro bars . 

Flat bars 

Anglo iron . , . . 

T or II iron . . . . 

Plttto/SiMtt lengthways . 

\ „ crossways . 
ShooJ8’'‘‘^ lengthways 
\ ,, crossways , 


Ultlmato tonfiile stress 
per square inch. 

niangation per 

tons 

per cent. 

28 to 24 

20 to 50 

22 „ 28 

25 „ 45 

22 „ 23 

25 „ 46 

20 „ 22 

10 „ 46 

18 „ 22 

10 „ 20 

17 „ 19 

6 „ 12 

20 „ 22 

10 „ 20 

38 „ 19 

8 „ 12 


The pcrcenta‘>:e elongation is a measure of the ductility of the 
material. It is usual to specify bending tests in addition to the tensile 
tests, and Table 1 1 shows the bending tests required by the Admiralty 
Tor two qualities of wrought-iron plates. 


Taulk 11.— Bjiimimi Tuhth mii Wrouoiit Iron. 



Angle Uuuugh which idales must bond without ciackhig. 

Plates 

llut 

Cold 




'rhlcknosB 




1 Inch thkk 
uiul nn(I(*i 

1 inch 

1 inch 

j inch. 

1 liuh 


(IcglCCS 

tlcgHTH 

devices 

llcgl (M'B 

dcKKVH 

B.J^. guiin louglliways 

325 

15 

‘25 

:i5 

70 

B gram croHSWnyH . 

90 

5 

10 

15 

.‘30 

B giaiii lengthways 

90 

10 

20 

:jo 

C5 

Ji. grain cjiOHSways 

GO 

— 

5 



30 

20 


Rivets should licnd double when cold without showing any signs 
of fracture. Anglos, tecs, and olianiicls should bend, whilst hot, to the 
following shapes without fracture, Fig. G. 



Fig. 6. 


Market Forms . — Shed irofi, so called when the thickness does not 
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exceed No. 4, B.W.(S. inch), i* ‘'iiBin'icriiif* 

construction. 

Oomigated sJmU arc niudo by jMiHHini? tlui Bliccta bflwccn j'nmvt-d 
rollers, after which they tiro nsmilly ftalvaiiiml, <>. amtcil with zinc, 
to preserve them from ruHliuK" 'f'h<i wiiltlm of llm ctirnif'iitimm or 
flutes are made 8, 4, or 5 iiiolicH. Tho witlth of hUccI, is H|ii*fifictl in 
terms of tho number and width <if tlio eornit'iitioiiH ; thiiH a lii/.'i inch 
sheet would eovor a net width of i feet (i iiiclicH when liiiil, (he acliml 
width of tho shoot beinj? a little more to allow for side lait. 'riie nmiul 
sizes employed range from I« to 'J'J li.W.d, in thickncHH, 'rho 

To aximnm ordinary length of sheet is HI feet. 


TABW) 12 . — DiMKNHIONK of OollItt’liATKII HlIMKI'.-t, 


Tlilckneie IJ.W.(). 


Tlilckiim In III! lull. I 

I 


\\ Mtht i«f nhn t** 


No. 16 
„ 17 
„ 18 
n 19 


21 


>) 

Sf 


.23 

24 

2G 


0*005 



<l 6'* 


0‘06H 


R/6". 

0 5" 


0*040 

1 

ft.'f)", 

r> 0 i" 

V 4". 

0*042 

t 

H/H", 

10 a" 

0*035 

0*032 


«/4", 

7 V\ H It" 

10 H" 

0-02H 




0*025 

0*022 


H/H", 

io/:r 


0*OIH 

) 





I 


jPl£t^es. — The ordinary sizoR aro m follown : Thit’ktit'Hs, [ itu’h 
to 1 incli; width, I foot to 4 f<u‘t ; lenj^^th, up to Iw Tin* 

superjScial area of a shtict muHt not oxcx’ChI :io w|uun^ nor the wiut'hl- 
be more than -1 cwts. Larj^or are oI)tai!i{il>l<\ bat an* t‘har‘a''l 

extra. PlatcR of loss width than 12 incheH an* known an/a/N, hlat i 
can be readily obtained up to fe<*t in kni^^tli. 

Bound ami sf/uare barH arc rolled in nizeH from il iiu’huH to i; ineheR 
in diameter or side. 

Wrought iron L, T, and II Hoetioim an^ obiuinabhs but an* now 
very little used in engineering BiructureH. ThtJ nizitK are minilar to 
those specified for mild steel. 

Steel. — For all important striujtural works Kieel in the inetiU almost^ 
exclusively used. The two chief varietieH for HUeh wtirk an* (‘jwt and 
mild steel. The former k UHed for all important (?aHtingH, anti although 
j)osscssing many of the characterifitics of <‘aHt iron, it in mueh Rtiju-rior 
ill strength, uniformity of texture, and as a material from which Houml 
eastings may be produced. 

Mild structural purposes tho sizcR of rolled setjtiona, 

strength and methods of testing nave been Btandardizod by Uu^ HritiRh 
Engineering Standards Committee and published in spocitlcation form, 
which is generally adopted for structural works. 
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Slrength-- 


Table 33.— Tenrilk STRiNara of Steel. 



Uliimato touKilo 
stioiigth per 
Hquaro inoli. 

Elastic limit. 

Elongation. 

Mild stool . . . 

toim 

28 to 32 

tons. 

17 to 18 

20 por cont. in 8 in. 

Oast stool (annealed) 

80 to 40 

16 to 17 

10 to 20 per cont. in 30 in. 

Rivet stool . . . 

2C to 30 

16 to 17 

25 por cont. 


Bending fesfs for mild steel. Test pieces, not loss than inches 
wide, should withstand without factuie, hcin^‘ doubled over until the 
internal radius is not ^n-eatcr than 1 ^ times the thickness of the test 
piece. Rivet shanks should withstand without fracture, being bent 
over, when cold, until the two paits of the shank touch. 

Rolled Sections. — Sections obtainable : — 

Width, inch to 12 inches ; thickness, ^ inch to 2 inches. 
Maximum ordinary length, 40 feet. 

Plahs arc rolled to maximum widll), length, or area. The following 
table shows the maximum dimensions for a few thicknesses of plates. 


TUIcUuohh 

Length 

WldLh 

Aioa 

inches 

foot 

inohofl. 

Hq It. 

1 

14 

48 

48 

20 

72 

100 

i 

30 

81 

200 

'j 

1 

41 

HI 

200 

‘M 

HI 

220 

1 

M 

HI 

175 


41 

HI 

135 

li 

44 

HI 

IL5 


As the width multiplied by tlio length must not exceed the maximum 
area, plates cannot possess both tho maximum length and maximum 

Width 

0/ie^juoml Platen . — ’’lire luaximnin dimensions for chGi^uered plates 
will be found in tho following tabic. 


on i)huit 


llldlCH 


Longth 

WhUh 

Alia 

foot 

iiiolius 

Hfl /t 

20 

52 

62 

26 

64 

54 

25 

66 

04 

25 

66 

04 

26 

56 

GO 

20 

64 

60 

20 

62 

43 

20 

62 

38 

_ 
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BugIcM platen aro lundo in mm f<‘et to h foot mixim\ fcho oniaW 
varying between 2 and Ji iuehoH. Tlie thiokneHKtm arc* J iuctli to J 
rising by ^thH. 

Stampm iiteel 7Vw/Am/A*'-Tlm fii55<‘s of tronghing will bo ftnincl in 
Table 15. The inaxinnnu climensicniH tef trt»nghing HtamjK«l from 
single plates are J inch tliick, 18 inchoB deep, ami JPJ fc^ot long. 

Round lun may be obtained up to (5^ inchort in diamc'U^r, the 
maximum length up to 1 f inchos dmmot(‘r In'ing On foot. I’ln* nmxinmm 
length rapidly dccrciisos for larger fiociiouH, ir> ftni b(*ing the* inaximnm 
for 3 inches dimnetor and over. I'lu* Hot‘tioim of auifha, hm, jtihis, 
channoU^ and raih have been Ktan<lm*di'/fd, ami tin* full linU, 
published by the Ungiucoring Htandimls (‘oiniuittcM*, Hhonld Ixc cum- 
sulted. The maximum ordinary length for all the* above* HvvtionK Ik 
40 feet. Some of the atandurcl Hoetioim hihc UKc*d to a grfatt*r c*xtc*nt 
than others, and eonsequonUy Hueh fieetions art* roiloil mure* froijuontly, 
and are easier to obtain at snort noticu*. Itolling lihtH spooifying thcHcj 
sections are to bo obtained from tin* inakcTs. 'I'ln* wt*ight \\vv font 
length cannot bo oxacjtly adhered to by tin* rolinrH, nnd tln*y rt*rt<*rve 
the right to supply mati dal within tlnriimitH of pnr ernt. luulnr or 
over the specified weights. Lengtlw beyond the onlinury maxinnim 
may be obtained on naymenb of H|Kicial ^Stxtras.^’ MxtruH urct uIho 
charged for any worlcinanship, such as cutting to dc*ml lengtlm, 
bevelling, etc. 

The following references to the* publicatiouH of tin* UritiKli Ihnpnecr- 
ing Standards Association, Vi<;toria Street, Loinlorj, S.W.I, \vill be 
found useful. The number is the oHicual mirnbc'rcjf tin* h|KM'itieatnui or 
report, and the year m the date*, of tln^ issue to 
No. 1 — 1020. Lists of Rolled Se(*ti(ms for St met und Ibtrpnhes. 

„ G— 102t. DunenHiouH and Properties of Holleil Hteel Seeinumfor 
Structural Purpowjs. 

„ 0—1922. Specification and Sec dons for Pnil Ileiul {hiil\\a\ Ibiils. 

„ 12 — 11)25. Specification for Ih)rtland (Vnient. 

„ L5— 1912. Specification for Structural Sled fur Pohi-e uunl fp'uerul 
building (lousfcruction. 

„ ()f) —1013. Spociiicatioii for SiK(*,s of Broktui Stoin* and t'hipjuin^s. 

„ 7()— 191G. Tars, Pitches, HitiuncnH, ainl Asplmlts. 

„ 114—1921, SpociihaxUonfor (Ireosote for UieJbHus(U'vaUon nf fi'imbiT. 
„ 153. Specification for Oirder Bridges. 

Parts 1 and 2 — 1022. Materials and WorkmauHlup. 

,, 3, 1, and 5 1023. Bonds and Strehses, I let ails of <tni- 

struebion and Mrcction. 

^'77 Tables of Unit LoutlingH for Railway and 
lligliway Bridges. 
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LOADS AND WORKING STRESSES. 

Dead and Live Load . — General Oonmhrotioni ^. — The load on a struc- 
ture may be divided broadly into two classes— tbo dead load^ and wbab 
is usually termed live load. The dead load comprises the weight of the 
structure itself, which is constantly imposed. The live load would 
perhaps better be defined as incidental or intermittent load. It com- 
prises all load which is applied to and removed from the structure at 
intervals. The live load may be of very varied character. In the case 
of bridges it consists of the weight of rolling traffic, such as trains or 
road vehicles, together with pedestrian trailic and wind pressure. On 
roofs the principal live load is that duo to wind pressure ; on crane 
girders, the weight of the traveller, together with the load lifted 
increased by accelerating force ; on columns, wind pressure combined 
with intermittent loads in cases where the columns support girders 
subject to live loads. It will be noted that all structures m the open 
are subject to wind pressure. Whilst the character of the dead load is 
that of an unchangeable static load, that of the live load is very varied 
on different structures. Thus the live load imposed on a short bridge 
girder during the jiassago of a tram at liigli speed dillors greatly from 
the very gradually ajiplied ])ressiite as the Lido lises against tlie gates of 
a dock cnbraiKio, or the still more slowly increasing jiiessurc behind a 
dam as the reservoir gradually fills with water, l^otli these latter are, 
however, examples of live load, although their effect on the struetiire is 
much less mteuse than m the former ease. 

The dead load may he conveuiently divided into two portions, one 
comprising the weight of tlic mam girders or frames of the structure, 
and the other including the accessory parts of the structure necessary 
for giving it the desired utility. The weight of the main girders of 
a biidgc, the principals of a roof, and the main columns and girders of 
a framed building, are examples of the first subdivision, vhilst the weight 
of the flooring, permanent way or pavement, roof eovenng, etc., repre- 
sents the second subdivision. In commencing to design any structure. 
It IS necessary to make as careful an estimate as possible of tlie dead 
wciglit of the structure itself, and it is obvious the exact weight of a 
structure is indeterminable until the structure has been completely 
designed. Tbo nominal amount of live load for which a structure is 
to bo designed is generally fairly accurately known, although owing to 
the varied character of different live loads, their effect as regards the 
stress brought into action is often a debatable point. Of the dead load, 
the weight of the accessory parts of a structure is very closely estimable, 
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but the weight of fluch portiona as inuiu girtlcra, roof j»riiu?ipalH, 
may only be approximately' eatimatcd, uml the o1<»h(juo«h of agn^enieat 
between such estimated weight and the llnal weight <if the Ktrueture m 
designed, will detormiue whetlwT tho dcHign ia Huitahle vr 
Frequently a ro-calculatioii of the slnieture becumeK ncuTHHury, owing t<» 
the final weight considerably exceeding tho^ weight. This 

matter constitutes one of tho priucipul diflhniltieH in dt^sign, and the 
difficulty increases with the magnitndc of structure mid lack of pnwient. 
In a small structure exposed to tlie action of a ootmidcralilc live loud, 
a very close estimate of the dead weight of tic* structure in of ndativclv 
little importance, since by far tho giH‘atcr jiropoiiion of the ntrcKrt wifi 
be caused by tho live load. In a very large Htructuns the hulk <»f the 
stress will ho caused by tho dcml load, and it is important tti itHtinmtc 
more accurately tho probable weight of such a structure com- 

mencing its design. Unfortunately, the probabhi weight of large 
structures is always more dilUeuIt to forecast, since ft‘wcr prcci*iit*nts 
exist for purposes of coinpurison, and mucli greutiT juilgincnt ami 
experience arc essential, on account of the gri‘aU»r c<uuplc\ity of tlm 
structure. 

Innumerable formuhn have boon devised, whh’h aim at giving the 
probable weight of main girders, roof princitials, piers, etc., hut such 
foimulm can only furnish a general guide to be suppliummtiMl by <*an*fu! 
judgment, since tUo assumptions on which they are bused un* scMom 
reaUzed in tho particular structure under consideration. Many siu’li 
formulae are framed on records of tho W(‘iglit <if existing stnu^tmes 
similar to the typo under consideration, and \vlu‘n^ umpU* jirriNMlfiit 
exists the formulaj will naturally l)c more reliable. Ftirmulm, however, 
are less reliable for tho larger ami more uncommon types of struclurc-i. 
and it will be realized from the above remarks that conHiilerablc e\p*'n 
ence and judgment arc absolutoly necessary to undert4dcing tin* (b’smn 
of largo and important structurcH. 

Dead Load. — Table 14 gives the weight of tin* vmimm Iviud-i nf 
masonry and mateiials employed in struc.tural work. 


TAimn II. — WwioiiT ok Vauious MatkuiaIiS. 




Maso7iry, 

Granite ashlar masonry in coincnt morlur 
Freestone ashlar „ „ 

Limestone rubble „ „ 

Freestone rubblo „ „ 

Blue brickwork „ „ 

Bed brickwork ,, 


Concrete. 

Bubble conoroto in iiiaHonry daiUR 

Coke broozo concrete (I to 0) 

Ballast concrete . 

Olinkor conoroto (3, 2, 4) 

Cement conoroto (3 to /5) ! ! ] ' * 

Granolithic conoroto (1 to 2) . . , * * * ] | ] 

Boinforcod oonoioto, mcludiug average ioinforoomowl ! 


Wi tvsUl lu IM. 

UK t . Utli4 


! 

I 

I 

i 


\uu 

no 

lec. to iim 
147 
iC/J 


! 


( 


MO m m 
m 
uo 

mo 

IHH 
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Materials. 

Weight in lbs. 
per cubic foot. 

Ballast {Dry). 



LimOBtono, 35 per oont, voids .... 

■ t • * 4 * 

HO 

»j ^0 )• .... 


102 

„ 46 ,, ,f .... 

Sandstono, 85 „ „ .... 


98 

94 

.. 40 „ .... 


86 

») 45 ,, ... ...... 

Broken slag inohes, containing about 85 por cont. voids . . 

79 

96 to 100 

Gravel . . . . .... 


90 

MisceUaneotis, 



Slag, solid 


150 

Baud, dump . ... .... 


118 

..dry 



90 

York paving Hags 


ist 

Granite paving (Ponmaonmawr) . . 


172 

Asphalto . . ... ... 



160 

Timber, 



Elm . . . .... 


86 

Red pino and spruce fir 


SO to 44 

American yellow inno 


80 

Larch ... . . . 



31 to 86 

Oak (English) . . 

„ (American) .... ... 


48 to CO 

54 

Teak . . ... . . 

• . t . 

41 to 65 

Groenheait .... 


00 to 70 

Pitch pino ... 

• * 14 

42 to 48 

Jarrah (wood pavement) ... 

. . 

GO to C3 

h on and Steel. 



(5ast iion . . . 


448 

Wrought mm 


480 

Mild stool 


490 

CJuhL stool . . . . . . 


402 

Glass. 



mint . ... 


187 

L^lato and shoot . . . . . . 

. 

1G9 

F^esh water 


02 6 

Sea water ... . . 


C4-125 


Dead Load on Bridges — In estimaLing the dead load on railway 
bridges, the permanent way may be conveniently bulked as so much 
])or foot run. The following detail weights may bo taken us repre- 
sentative for the standard gauge of 4 feet 8]^ inches. 

Sleepers, 9 ft. x 10 in. x 5 in. at 40 lbs. per cub. ft. = 125 lbs. 
each. Chairs, 5)2 lbs. Rails, 8C or 100 lb.s. per yard. Fishplates, 02 
lbs. per pair. Fishplate bolts, 5 lbs. per set of four. Spikes, § lb. 
each. 
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We^U of Wfed of dnyln trad-- 

20 yards of rail at K(5 !!« I "*'0 

11 Bloopers (pino^at 12ft llw 

22 olmirs at f>2 lim U 1 1 

22 keys at ftO lbs. jior ouli. ft liH 

2 pairs flsbplatos at 22 Dm t; | 

2 sets fishplate bolts at ft Dik lit 

22 sots spikes aud troiuiils ut -t llis, . . . mh 


1 10!) 

Say 2 tons por 80 feet of single tnuk, or ton [iit foot run, Hiiy l.'iO 
lbs. per foot ran. With 10i)-lli. rails ami suiialily lu-avitT I’hairH uml 
fastenings = ICO lbs. per ft. rnn. 

Bails . — liailmty mik weighing Hfi, K(l, ami Inn lbs. per yard are 
in general use for luaiu-Iine traflic, usually in ;in or ;it; fci-t, li-iigths. 

Tramway ifa&.~The following are in uw. South Iioudon, tn‘» 
lbs. per yard. Nowcastlc, lot. Leiils, inn. Uirkenlifad, inn. i.'„f 
purposes of preliminary eatimute, lOft llw. [HTyurd niuy In* taken. 

Bdlast onJ J’ljiwmi/.— Tlicso wi-ights are stuteil in 'I'nliie i }, 
The mean width of ballast maybe taken ns 12 feet, for a single traek 
28 feet for double traek, and 'Ift foot for iiimdruple traek, for standard' 
gauge. The average depth of ballast used is 1h to iii inelteH, iJn* lower 
9 inches, called pavement, consisting of larger stones roiigblv Imnd 
packed, leaving 9 to 10 inches of gravel or broken stone ballast’ uliovi* 
to the upper level of sleepers. On the (Ireat Central Co.’s nmin line 
the quantity laid per mile of double traek i.s 7.'>nn enhio yanh. Tho 
lower layer of pavement is not laid on bridges. 

The flooring of railway bridges eonsists of flat or Imekled 
plates on cross-girders and rail-bearers, or one of tin* niaiiy tvnes of 
troughmg. For highway bridges, trougbing levelleil up witl'i eune,vt.e, 
or jack arcbcB turned between cross girders, are most Hititultle, 'I’able i ., 
gives the weight of various floor details. 

Taki.u I.^.'-Wkiout ok Bhuhih Ki.cMm l)imii„i. 




J^lat liiieel Plates. 

Per thioknoHB of j inoh 

Buckled Plates. ]Iiho H to ;i iiuilum. 

i inch thick .... 

I . 

* 5> » , , 

TrougJmg. Lap-joinlod as Ji'ig. 7, iucludiug rivuts. 



a I iKi.i 

ift)> t>it 
•U| II 


u i 


KKJ 

Ih'i 
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Mall. 


1 foot 8 inoh pitch, C inohoa doopj^* 

2 0 „ „ 7i „ „ j| " ” 

VS}) it 

2 „ G „ „ 10 

2 „ 8 „ „ 12 

2 » 10 „ U 



Weight. 
Lbs. per 

51. tt 


. 19*71 

. 23-4:6 

. 28-66 

, 81*16 

. 28*69 

. 81*89 

. 24*61 

. 32*68 

. 26*80 

. 33*61 


Butt-jointiod as fi 



2G*08 

84*27 

25*68 

33 70 
20*49 

34 94 
27 07 

35 73 
29*03 
38 29 
37 97 
47 18 


BuLL-jomtod willi roiuforcod bottom fUiuj«o an Fl{^^ 9. 


U - - f-> 



Fia, 9. 


doop, j inoh pliito, J incli 3 trai)H 


2 foot 0 incdi pitch, 7} inches 


2 

• j 9 „ 

„ 10 

2 

» 8 „ 

„ 12 

2 

,.10 „ 


3 

0 „ 

„ 10 

3 

„ 0 „ 

„ IG 

4 

•f 0 ,, 

„ 18 


} inch ])lato, J^inoh straps . 
With double straps top and 
bottom, } inok thick . 
with double straps top and 
bottom, 3 inch thick . . 


84 00 
34 G3 
34 98 
B6-0G 
36-18 
45*47 

55*48 

C8-GI 
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Table 15 .— Weight dk n»u>OE ¥umt 


Ih-iiU. 


Arohod trougUing as Jb^g. 10. 


P — — 



Fia. 10. 

1 foot 9 ittoh pitoh, 0 inohoH (loop, | iuuh thiok 


0 ,, 

10 

1) 

»1 

1 

tf 

»i 

. . i 

8 

„ la 

tf 

ft 

A 

it 

ft 

, , , 

6 » 

„ 12 

>> 

ft 

i 

tf 

ft 


6 

„ 16 


ft 

A 

ft 

ft 

. . » 

6 „ 

„ 15 


*t 

i 

11 

tt 

. . « 


WHubt 
W". mt 

*<i n. 


I iKHl 

. 1!!. tY! 

' y-iMH 
iUt txi 


We^ht of Gms-girAen . — In railwiiy l»rid)(«H wiUi frmnctl 
consisting of cross-girders, rail-bearers, mid iilule litMirini', the nuiHt 
economical spacing of croas-girdera is frnm 7 ft. U» H ft gniwiu't 
practice of building locomotives ivith small wliecls ebise together, tends 
to a closer spacing in tlio near future. With tliest- sitaeingH, eruss- 
girders for double-track railway bridges uro usually t'C ft. to g" ft. 
long, and 2 ft. 3 in. to 2 ft. (! in. doop. Adopting these propurtums, 
the weight of one cross-girder may be taken as tons. I'’or sini'le 
track bridges with croas-girdors II ft. to ir» ft. long, and l.'> in to 
18 in. deep, the weight of one cross-girder may he t.iLen as >> !> ton. 
Cross-girders between main braced girders with wiile hays will he nineh 
heavier, and an indopondout CHtimuto is neeesHary. t 'ross gird* rs lor 
highway bridges will bo appreciably ligUh-r for tin* suine spans, 1ml. 
owing to the variable chameter of the tralli*! and width of highway 
bridges, a preliminary estimate is necessary in each ease. 

J2a(.f-i0«w.'(.--Ilail-bearct8 7 ft. to H ft. long may he eHltmuled at 
700 lbs. to 1)00 lbs. each. 

Jack arehiiig is usually 9 inches to l!$i inches thick of brickwork, 
and its weight is readily estimated. 

Wfvjlit of Main Oirders. — IHtilo (HrdoTo, Tho probable weiglit of 
mam plate girders, provided tho depth is about oiio-tentli the himiii, 
may be fairly closely obtained from tlic following forimilii'. Wln'iiever 
reliable information may be obtained as to the weight of wcll-ileKignod 
existing girders of the same span, similarly loaded, such records are 
preferable to results calculated from formulaj. 

W := Total distributed or c()nivalcnt distributed load carried by 
one girder, exclusive of its own weight, h s Kpan In feet. 

Probable weight of plate girders. Depth about ^ span. 
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W y L 

Prom 20 ffc. to 40 ft. span = ~gg(j“ tons* 

W y L 

„ 40 ft. „ 60 ft. „ = „ 

W y L 

„ 60 ft. „ 100 ft. „ =-5jp » 

Plato girders aro seldom employed beyond 100 ft. span. 

Probable weight of lattice girders. Depth about J span. 

Prom 20 ft. to .00 ft. span 
„ 50 ft. „ 90 ft. .. 

„ 90 ft. „ 120 ft. „ 

The weights of lattice girders of larger span should bo carefully 
estimated in detail, having regard to the probable stresses coming upon 
the various members. The weight of main lattice girders is more 
influenced by variations in arrangement of detail than is that of plate 
girders. 

Weight of Rolled Steel Section Beers . — Table 1C gives the weight per 
foot run of the most commonly used rolled sections in mild steel. F%dl 
lists of these are published in most section books. 

TabiiB 16. — ^WuiOHT OB RolijEd (St bee Section Baeh. 


W y L 
' 600 
Wx L 
' 590 
W 

’ 5ij0 


tons. 


Kqual Angles 


Unequal Angles 


Si/.e 


W night llH per loot 


Sl/<‘ 


Weight lbs |)ci loot 


in in in. 
G X G X 
6 X 6 X 
4J X X . 
4 X 4 X J 
81 X 3J X i 
3 X 8 X y 
aj X 21 X 




X 21 X A 


28 70 
1<J*U2 
14-46 
12 76 
1105 
718 
6 89 
4-46 


Tjbies. 


in. in In 

C X 4 X J 
6x3x1 
6x4x1 

6 X 3XJ 


lC-22 

14-63 

14-61 

12-79 


111 . In In 
6X4 X g 
0X4 X 4 
G X 3J X I 
6 X ;r X I 
4x3X1 


UlIANNKUB 


In. in. 

17 X 4 
16 X 4 
12 X 4 
12 X 31 
10 X 31 
9X 31 
8 X 35 
7X 
7x8 
6x3J 
6X3 


19 92 
10-16 
15 31 
12 76 
1106 


44-34 

30 37 

31 33 
26-26 
24 -40 
22-27 
20-21 
18 28 
14-22 
16-48 
12-41 



82 STRUOTUHAh RKOINKKUIXa 

Tho weights of several siaos of rollwl joistH ure given on jiageH I l.V 
146, together with other properties of those suetious. 


TaBIjB 17.— WKIOUT Of RoI.TH, Nirrs, and lilVKf-HKAIW. 




Wplght In tjf 

niaxuotop! 

1 Inch longth uf t)olt. 

ihw iK'XKwnml nui 
iittU 

Cut* »i(iu»ri* nut. mill 
hull. 

. 




In. 

0*0813 

Q-tm 

0*071 

1 

0'0666 

0*180 

O'lnt) 

1 

0'0869 

o-uai 


1 



— 

01252 

0*460 


— 1 



01708 ! 

0-720 

t)*‘K) 

1 

0*2226 

1-07 

1*86 

it 

0*8470 

2*0U 

2*08 

4 

0*6060 

H-Cl 

4 65 

1! 

0*0816 

6*70 

7*20 

2 

0*8001 

8*60 

lO'HO 


tuu rtu't-hniutv. 


'MV 
H'lf, 
It) Ht, 
lim 
mH) 

tUt-itH 

rH*li 


la estimating the weight of rivotetl work, un uIIowiiim’o of from 
2 per cent, to 6 per cent, of the weight of Uu* Htnietun* w usuully luudc, 
depending on the claas of work, to cover tlu*, wtdght of ri\t‘t-hnulH, 
Such allowance is usuully oxcesHive, and in really intomhnl to ooviT l-lie 
wastage of drilling and piiueluug tlie hoIi*H. 

Dead Load on Roois. -Pnficiimht, 'rhe prohahh' wtdght. of roof 
principals of ordinary V-bypos may l)e fairly (‘stimaUal from tho follow- 
ing formuhii 

W = Weight of one principal in Ihs. L - • Span in feet. 1 > 1 )ih- 

tance {ij)art of principals in foot. 

For roofs with heavy covering, W - • I DL ( 1 | ,\) 

„ „ medium „ W 1)L t M /j) 

„ „ light „ 1* I)L(I t ;,) 

Purlins and Oomnwn Hafiors tionsist of anglts Z(mI, or jtOHt Kt*t’lion if 
of steel, or rocfcangular sections if timber, 'rhe wtnglits t^f the formtT 
are given above. The wciglib of timber members may be cfttimatcd on 
a basis of 35 lbs. to 40 lbs. per tuibic foot 

Roof Coverings.— /AwtW//// 1 inch thi^^k, 3 lbs. to 3.] Ilw, jwr Kt|naro 
foot 

Slating, usual Hisses and woighli pf slates UHctl for nxjfing are 
given m Table 18, for slates laid with 3-lnoh lap and nailed near the 
etmtre A sguars of slating is 100 sjj[uare feet, and a nominal 1000 of 
shites conLains 112l)(). 
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TaHIJS 1«.— SwKH AMD WjSrflHT OP SIjATEH. 



Slz(*. 

Ai(*a covtwil by 
1200 SlAlOH. 

WolpfUl per «a. foot 
ofrooiHurfflce. 


In. in. 

Hquaroa. 

Iba. 

Doubles 

18 X 0 

2*5 

8-25 

Ladles 

IC X 8 

4*76 

8-0 

ClouutoHsos .... 

20 X 10 

7-0 

8-0 

DuohOHSOH .... 

24 X 12 

10-0 

8-6 


Olaeing . — Tlio weight of glass aucU as used for roof covering is 
14 ozs. peir square foot for each indi in thickness. The sheets are 
usually 2 feet wide and 5 inch thick, and weigh 83 lbs. per square foot. 

Qlazing Ikm . — A large number of ptent bars are in use. The 
following table of the weights of Messrs. Mollowcs and Oo.’s “Eclipse” 
glazing bars will alTord a guide in estimating the weight of this detail. 


Taui.h 1!>. -'Wbkiht op OuAJiiNd Hauh. 


“ Kt.liiwo " bai 


No 7 
„ 8 
„ 0 
„ Da 
„ 10 


licarinf?, oontroa of 

inii llUH. 

Ir In 
(> 0 
7 G 
B G 
0 8 
10 0 


Woiglii In 11m. i>(*r Tuot 
run 


2 70G 
8-202 
8 578 
3-90G 
4 90G 


Tlic standard spacing of tlicso bars is inches. 

Oomujated sheets are rolled of such sizes that the 

Hide lap is about I inch, whilst the end lap is generally made (I indies. 
Allowing for these laps, '’J'’able 20 gives the weight per B([uare foot for 
various gauges. 


TaIILM 20.— AVkIOIIT ok doUlUrOATMI) SlIMKiTlNO 


'rhldClK'HH U W <} 

IK 

•j() 


ei 

Weight lu lbs. per square foot, 

■ 




moludmg laps , 

2 78 

2-20 

1 HO 

1 ‘19 


Galvmizod Fbtlbiujs for Cornujated ShovU . — The weight of iittiiigs 
per 100 square feet of roof surface may be taken as 12 ’G lbs. if the 
sheets are attached to steel purlins by hook-bolts, and 7*0 lbs. if screwed 
to timber purlins. 

Gakwiised Ridijing and Louvre Bliuies , — Ridging weiglis from 1 lb. 
to 8 lbs. per foot run for girths of from lo inches to 8(1 inches, and 
thicknesses of from No. 2 G tj No. IG B.W.G. ; Jjouvro IJlados, from 
2*5 to T) lbs. per foot run for each blade of 1 J inches girth, and thick- 
nesses of from tV inch to J inch. 

Bta 7 n])ed SM Outtors usually vary from inch to ] inch thick, and 
weigh from 9 lbs. to 25 lbs. per foot run according to section. 


1 ) 
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iMd for flashing and covuring flats usiiuliy woiglm from h to 7 11*. 
per square foot, and allowing for luj*, rolls, mid uhUh, may ho talsoii 
at 6-8 to 8‘5 Ihs. ]Kir sniuiro fisit. 

Zm. — The thicknoss of ssinc shooting follows tin* sine giiugo, 
ranging from Nos. !) to l(i, and corroHiKHiding oliwoly with Nos. S7, 2r»,' 
etc., to 1!) of the H.W.G. rosiHictivoly. Nos. l.'> iind HI iir« gonornlly 
used for roofing. Tho Bhuets are 7 foot to h foot long by U foot 
8 inches to 3 feet wide. Allowing for laiw, tho woight is 1^ to IJ llw. 
per square foot. 

Asp/tafto.— Tho thioknoHH and weight of aHiihaltu laid on iloois and 
roof flats Is given in Table 21. 


Table 21.— W«t(iti'i’ of AsoirALTK om I‘’i,o<»iw ami Ibmi'S, 


Boof flats aud bridge floors 
Goods waroliouflo floors 
Bailway platforms . . . 
Waterproofing backs of arclios 


'lliUklirM. , \Sl Um |iti iit| It, 


1(M ti, 

.1 

i 


In laying asphiilto and watorjiroof coating, ouro Hliould bo t4ikon i,o 
give the finished surface a good fall to eiiHuro proiM'r drainui-o. 

/Slow.— Tho snow load accumulutos slowly, ami may bo t.roatfil as 
dead load. 5 lbs. per square foot of covorwl unni is usiiully asKiiim d in 
England. 

Dead Load on ^V«flM.--Flooi's Is'ing of vory variod oonstniotioii, no 
general weight per square foot may be oitod. Tho tyiio of Hour hi'im. 
deoided, its weight per square foot may bit roadily eHtinmlctl in dotaii 
by reference to tho preceding tables. 

Live Load .— Load on FUwn. 'I'lio livo loud on Ilnurs of 
different classes may bo muiued as equivalent to tho follow ing doitd 
loads : — 


Eor^ dwelling-houses, hoktls, and lios- 
pitals . . . • • . . . . . . (ill to 7(1 lln. |ior Hiiiiaro fool. 
For schools, assembly halls, olliecs, aud 

retail shops 1 Ki to l.-Ki llw. 

For warehouse buildings 2lilito 2 .M»llw. 

Machine shop floors are e-'caiuplus whore CHiioeially hoavy loading 
may occur. Usually the lighter claases of maeliimt tools only aro plaood 
on upper flo()rs, heavier maehinory risjuiring Hpooial fouiulntioiis iioing 
in the basonieut. The tyne of mmtliimw to Ist ein- 
ploycd will determine the weight for which the floor is to Ist dfsigm-d. 
the load on such floors is loss uniformly distrlhiited than oii ordinary 
f types should he adopted to eiisunt the Isist 

“ w / concentrated loads to the ginlers iKiiicatli. 

K,.:/ -llio intensity of the livo load on railway 

budges IS govoriiod by the typo of looomotives in use. Tlieso actually 

such loads depending on tho weight of engine aud tender and simcing 
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of axles. Two methods of treating the rolling load are in general use. 
1. The concentrated load metJwd, iu which the bending moments and 
shearing forces due to the actual concentrated loads at known spacing 
are considered. 2. The eqiiivalent distrihuted load method, in which 
the system of actual concentrated loads is replaced by a distributed load 
of uniform intensity which will create the same maximum bonding 
moment at any point on the span, as that caused by. any position of 
the concentrated axle loads. The former method is generally adopted 
iu American, and the latter in English practice. 

Equivalent Distributed Load on Main Oirders. — Pig. 1 1 shows the 
loads and axle spacings of two of the heaviest locomotives at present iu 

L N E.n (G N.R.) NS t470. 


Tons /7-os ZO ZO ZO /S-4 /J■^ /4-9S /4-7 13-4S 



S R. (,L S W.R) "lord nelson.' 

Tons Z/SS ZOSS Z0 6S Z0-6S ZB 3 ZB 4 



I'lO II. 


use, in this country. In Tabic 22 arc given {!(]uivalcnl. nnifornily dis- 
tributed loads for present-day British locomotives for Bjiaiw 

ranging from 10 to 200 feet. 


Tabi-k 22. — ICquivai.knt DiSTiirmiTBi) Ishdh on IIaii.way BmiinKS. 


ICquivaloiit (llHtilbuU'd load iu tuiw por ioot run fui hIukIo lino ol way 
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In Table 22, the loads in tlio columiiK hoatkl “ Fi>r lK'n(lin«: ’’ are 
to be used for dutonuininf' tlio sontionul arctw ttf and those in 

the columns headed “ For suoar ” are to h»i used for ♦loU-nniniiix scotioiittl 
areas of webs of plate girdera or web immihers of brm-od girders. 

For larger spans, the live loiul is gciu-rally takim as that duo to 
the heaviest type of mineral or freight tndn, prcooded by two of the 
heaviest typo of locomotives. Tlio weight of a train miulti up of higli 
capacity wagons, or wagons loaded with boilers, girders, loaehiiiery, 
etc., falls not far short of the weight of a train of engines. .\n 
equivalent load of l-fi tons jier foot run fora single line of way priilmbly 
covers the clfoct of snob a train for hjmuib eM'eetling 2oii feel. Spans 
up to about 210 feet would bo pnuiticully eoveivd by three large 
engines and tenders. 

Live Load an Cnm-Oirdern. — Oross-ginlers, howeyiT ehisely spueeii, 
have each in turn to carry the luaiviest axle load, wliieli is usually that 
on the driving axle, or 19 tons per iwle in present Riiglisli praetiee. 
As the distance between the two most heavily hiadejl axles is usually 
from 5 to 8 feet, any closer spacing of tlie eross-ginlers is wasteful, 
Oross-girders between lattice main giniers are usually at wider spueing 
than 8 foot, and in such casus the luaximuin loads will Iw eipml u> the 
TnftTimniYi reactions due to the rail-hearers or stringers when tlews are 
most heavily loaded. 

Live Load on Trouijhiiuj. — With contimums trougli tliMunu'', it is 
impossible for a single trough to carry tlie full load of tin- heaviest 
axle, since the continuity of the floor (uuses the load to be distributeil 
over several trough sections to riglit and left (»f tht> loiui. 'I'lie extent 
of this distribution de])oiuls on the re.Ial.ive rigidity of rails and Lroiigli- 
ing, but tlio muximum load coming upon any one trough will not 
exceed one-half the actnal axle load and may lie as low as one t,li)rd 

lAve Load on Itail'Jkarm.—On short rail-b ‘arers fruio .i to .h feet 
span, the maiimuin live loiwl will Im tlui load on tlie lieuviesi. axle wlieu 
at the centre of span. Longer ruil-lHiarem will ueeommodile two, 
three, or more axles simultanoously, and the worst pool ion of siieh 
axle loads for creating bending moment will determine the maximum 
loading. 

Live Ijoatl on llitihirmj liriihjoH.- -This, whilst not so inti-me as mi 
railway bridges, is very variable. Table 2:i gives partie.ulars of speei.d 
loads on highway liridges. For ordinary wheeled IraHii! over hrnioes 
exempt from the special loads in Talde 2.'t, an eijuivaleiit. distrihuUsl 
load of ISO lbs. per sipiaro foot of roadway sliould miver the require- 
monts._ For pedestrian trnllic on footpaths, 12li Ilis. per sipmre foot is 
a sufficient allowaiico.* 

Wind Load. — The (luestion ns to the magnitude of wind pressure 
and its modo of action on structures is one on wliieli great uneertuiiity 
still c-xists. The following facts, however, appear to Iw mitisfuftorily 
established. 

1. That exceptionally high intensities of pressure only prevail over 
local and relatively small areas, and that the greater the area cxposeil 
to the wind, the less will bo the average pressure on sucii area. From 

‘ t’or furthor infomation ou rolling loads, sou Mine. Pmeedinae Inet. C.K., 
vol. dviii p. sas ; vol. <ali. p. 2 ; vol. olviii. p. 880 ; vol. olxl, p. ilOl i vol. ooti. p. aott 
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extended records of wind prcHKnni tdiUiiu-ii itt tin- «iie of tin* Korth 
Bridge, the average prossuru iijion a bourd an fini hy (A fwi wiw ),o*n(!. 
rally only ttro-thirih of the jiressiini HjK>n ii hiduII wiii«l-)fimKf of |1 
square feet area, both in inoduratt* and hiKh wiiidn. 

2. The total or effective prcHHurcuKiuimt thin tint piiitcH is coiiHidcr- 

l« ....I....!..;.* ! I ti!. . ii 



square plate as lot), the total preasurc iqMin a cithc priwiiliiii' ihc hkiuc 
area to the wind is roijrosenteii by hii, mid on a prmiii hitvinj' u h-iijrth 
double that of the cutic, by 72. Tim hucUoii clTfct. thfrefuri*. rapidly 
diminishes as the length of the ohstacli' in the ilirfctiun of tin- wind 
current increases. Roughly KiKiakiiig, from } to of the lolul oiffi-tivc 
pressure on an exposed area of thin plating is iltic to the myalivi* 
pi;o8suro on the leeward aide, and '! to j| to the positive pressure on tlie 
windward side. Tlie exact ratio in any partieidar ease variiw, however, 
with the shape of the exposed surfiwe.' This lias a direet biariiig on’ 
the effective pressure on tlie windward side of a V roof. The sh irper 
the anglo at the ridge, the greater will he the negative pressure on th- 
leeward side, with constxiaeut greater //rt7//'e pressure than on roofs of 
flatter slope. 

8. The extent to which one plate surfmm will shelter another Niiuilar 
one placed parallel with, and to lei-ward of the lirst, is aettialK \crv 
small, unless the two surfaces are relatively close together, 'riui.. lli'e 
windward girder of a bridge or the wim’lward face of a Iat.t.iec pier 
offers little protection to the leewanl girder or faee. In (hi. c.ise (if a 
bridge with main pMii girders and a ctmlimnms floor, the piv-sniv 
against the leeward girder will no donht Im less than on the ttiiid\wii.l 
girder, but such reduction is less than is freipientlv a<snnieti. Mvpcn 
mente on square and ruetangular plates show I hat llie nmxiinmu shield 
ing effoot occurs when the jilates are separaleii by a (lislanee of 
I'i times their least cross ditnuiision, ami that the sliielding ifrceiof 
long rectangular nlates is considerahly less than that of eireular plan-,. 

4. Results deduced from Uie overturning of railwav rolliiig slock 
show the mcm side pressure to Imve varied from 2i:*(o ;i| lbs. iici 
square foot, and, excepting in tlie ease of struetures in abiionnalH 
exposed situations, it is unlikely tliat iwi/ mmdmihh' amt is ever 
exposed to a inuo h higlier mean pressure than :i:. lbs. m-r siiuare 

which the pressure is registered hy the deflection of a spring, but sneb 
pressures may bo, and probably are, dim to tlm dynamic elTeet o 
sudden gust of wind blowing hi a ve’ry short isti...!,^ At Tie Vamo tinil! 
rLf remomborod that a wind pressure of :io Uw. per wiuani 
ot applied suddenly will deflect the spring of u wind-gauge to the 
same extent as a steadily applied pressure of (In llx). WTsiiHiire foot 
sudden gust last long enough to produce a comiieUi vihrii-' 
tion of the spring. In a similar manner, a bridge or lull buildiug will 

‘ JlTww. Proceedings Inst. O.iif., vol. olvl. p, 78 . 
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poBscfis ti time \mioi\ of vibration depending upon its mass, which will, 
however, bo nuich longer than that of a light spring. If, then, a 
Huddou gUHt of wind prevail long (iuough to deflect a bridge or building 
laterally through the full (‘xtent of its vibration, the stress produced 
will be that due to the higher prcHSure as recorded by the spring- 
loaded indicator of the wind-gauge, 

r>. The proHSure of wind inca'caHcs with the height above the ground, 
so that the upper portions of lofty buildings, (Ainincys, piers, and 
bridge girdtirH are exposed to higher wind pressures than the lower 
portions, which arts further often sheltered hy neighbouring buildings. 

G, The presHurti on convtsx surfaces is, much less, and on concave 
surfaces greater than on flat surfaces presenting the same projected 
area to the direction of the wind currofit. Thus, on tlie area of a 
(‘irciilar chimney as seen in oltsvation, tha ([(ffTtm wind ])ressuro is only 
about half the (totmd pressure which womd act on a thin flat surface of 
similar oiitliius and aim / 

Intmsilij of Wind-Prmnre on t^irmturos, — In the case of bridges, it 
is gtsnenilly aHsumod that no train will be traversing a bridge when the 
wind prtJHsuiv extioeds :i() to 85 lbs. pei/ stpiare foot, whilst a maximum 
presHuro of *15 to 50 lbs. may act on the structure when unloaded. The 
area of the bridge exposed to the higher pressure will be from once to 
about throe times tlui area us seen in elevaiion, depending on the typo 
of construction. Thus a tubular girder with continuous roof and floor 
will expose the elovational area only, a plute girder bridge from once to 
twice tliat area, the d(‘gree of shelter afforded by the leeward girder 
depeiuhng largely on the width of the bridge. A large bridge with 
doable lattice girders may expose an eJL^ctive area equal to three times 
the olevutional area, or even more if the main girders be very broad. 
Tlic lower prcjssuro of 80 lbs. per s{|UHre foot will act on the (H’octive 
area of the windward girder, and on the train considered as a continuous 
screen, the upper edge being 12 feet (I inches and the lower edge 2 feet 
() inclK'S above the rails. In the latter case the train will largely shelter 
the leeward girdcu’, and tliu wind pressure will only act to any consider- 
able extent on that portion of it (if any) projecting above the tram, 
nio wind iiressure on a moving train is, of course, to be considered as 
a rolling load, since it travels with the train. 

The suction effect previously referred to is most active in the case 
of lattice-work structures whicli present a senes of thin plate surfaces 
to the wind. On tall buildings which have considerable depth in the 
direction of the wind, the ina.ximnm effective pressure will be from § to 
f of that assumed for open-work strncturoH, or about 35 to 38 lbs. per 
square foot, whilst the larger area makes it still less probable that the 
mean pressure will actually reach this figure l''hc usual allowance for 
tall buildings and roof structures will be stated subsequently. 

Further, it is obvious that judgment must be exercised m adopting 
a suitable maximum wind jiressure for a given structure. The lower 
portions of many buildings, low roofs, etc., arc often almost completely 
sheltored by neiglibonring and higher buildings, whilst for others in 
lofty and more exposed situations the effect of the maximum wind 
pressure must necessarily be considered. 
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WOllKINd StUKHHMS ANd SW’TIONAh AUKA OK MkMHKUH. 

General ConBiderationB." After mukiiij' u (‘ur(‘ful (‘Htiniate of the 
load to bo borno by a Btrinjiiin?, tiio HlreHww in tlu‘ varioiw nietab<TH 
due to such load are next (jiil(uilatt‘(L 'rint nuiluKln of tltHlucinjy: the 
stresses in the various memherH of Htrue.tureH (lut| t<» Iou<1h 

are considered in subneciuent <-lmpterH. The Heetional area of each 
member thou tlopends primarily on the nmpruitiuie of tlui ntniHH 
occurring in it, having due reganl ti) a Kuituhlo <iiKj)OHiti<»n of the 
material in the section according m tins iuoiulH*r is Huhjeti to touHion, 
compression, bending, etc., or to more than one <*f these aetionn tujm- 
bined* In arratiging the disposition of inatm'ial in the eroHs-seetiun, 
further regard must be paid to couveniemu) of making joints and eon- 
ncotions with neighbouring members and deihuttion of area oetmpietl by 
rivet-holes in the case of leimion inemhers. Thm^ featnivn are fnlly 
considered later, and at present attention is directhal t(^ the dtitTiui- 
nation of the actual se(*.tional area* 

The toorking nlresn in any member in unditrstotal to in* the tuimi 
maximum stress in tons per s<(uare ineh ereated in tht» nn»mi«T tinder 
the most unfavourable conditions of loading. 'l’ln‘ prineipal thnionltv 
lies in determining at all accurately tln^ nehud mafimum sdrss wbii’h 
takes place in any member. In cases \vlii*re the stresH is entirely tine 
to a perfectly dead load, no doubt exists as to the vulun of the mnvimum 
stress, and a relatively liigli working stretss may safely be emplovod m 
proportioning the sectional an^i. lixamph‘H of purely deml loatl 
stresses in actual practice are, however, nms atid the maximum htrehses 
in the members of i)ractioal structimfs are generally dm‘ to lie* <'oiii- 
billed effect of both dead and live loading, 'riiat portion of the stress 
due to the dead load may be very closely cstimateil, whilst that eaus»Ml 
by the live load is in many cases a very indeliniU* ([uuntity, (ii-priniiie*: 
on the variable character and mode of ajtplitiition of tin* li\o h»ad, 
examples of which have already been metutioned. It is a u ell- 
established fact that the actual momentary strtus due to a suddmly 
applied live load may be double^tliat due to tin* siimo amount <»f ntatn* 
or dead load. But between a suddenly applh‘(l and a very gradually 
api>lied live load, there exists a series of infinite gradati»)nH, oaeh of 
wnich must bo considered on its own particiihir merits. 'I’he additional 
stress caused in such cases, over ana above* that due to the nomimd 
amount of the live load, is commonly referred to as dgnamir .s//v‘s« or 
stress duo iompmi, and there is little doubt that the time peritnl uf 
application of the live load is tin* principal factor in d<*t<trmining ilm 
magnitude of the dynamic stress created. 

Further, it appears from the results of numerous e.\p(‘rimeutH that 
a great number of rcpeiitioiiH of lluctuaiing stress in a memlH*r exer- 
cises a more deteriorating ofl’cet on the material than a static siresM of 
equal maximum intensity. These facts obviously have a specially 
important bearing on the design of mombors of liridges which are 
most subject to frequent and rapidly ajiplied fluctuations of loiwl. ft 
is evident, therefore, in fixing the working stress, that regard should 
bo paid to the ran(j& of stmB, or difference between maximum and 
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mmiimini stress in a inouibor tw, well us tlui time period of application 
of tho livo load. ^Fho churactor of live loads and degree of suadennoss 
of their application are so varied that a proper estimate of the pro- 
bable dynamic effect, and therefore the actual maximum stress caused, 
becomes a more or loss complex matter. Many rules have been pro- 
posed for making allowance for tho above-mentioned influences in 
designing tho sectional area of mombors, and some of the principal of 
those will now be stated. It may be mentioned, however, that the 
present sUitc of exact knowledge on this question is far from complete, 
whilst useful investigation is much retarded by tho difliculty of making 
reliable exporiments. 

Factor of Safety.- Fonmdy tho working stress was deduced by 
dividing the ultimate or l)r(‘aking strength of the material by 4, 5, G, 
etc., according to the reduction considered suitable for the character 
of tho load, and in oases where a fairly reliable estimate of the dynamic 
effect of the live load is possible, this method used by persons pos- 
sessing sound judgment and experience may produce satisfactory 
results. Us abuse lies in its indiscriminate application to all or any 
cases of live loading. It is necessary Unit the working stress be kept 
safely within tho minimum elastic limit of the maUu’ial in order to avoid 
permanent strain or siit. For average mild steel, such as employed in 
general striKJtural work, tlio ultimate sbrciigth varies from 27 to Ji2 
tons per siiuare inch, and the elastic limit from about 14 tons per 
square inch upwards, the latter being a more variable quantity than the 
ultimate strength. The actual working stress should therefore not exceed 
0, or utmost 10 tons per square inch, in order to leave a reasonably safe 
margin as regards the elastic limit. These ligurcs correspond to a 
factor of safety of with respect to tho ultimate strength. 

For jiurely dead loads, that is where the arlnal maximum stress is 
very closely estimable, a working stress of {) tons per square inch for 
mild steel may be safely adojitod for tension members, and 8 tons i)er 
square inch for compression members, exceiiting where the length of 
the latter necjcssitatcs a rcdiic.tiou in accordance with the liability to 
fail by buckling. 

Prom the resulbs of experiments on members subjected to fluctu- 
ating stresses the following general deductions are made. 

J. That a factor of safety of -IJ should be employed when thb 
stress fluctuates between tho maximum value and zero. 

2. That a factor of safety of 9 should be employed when tho stress 
fluctuates between a certain amount of com])ressioa and a similar 
amount of tension. This case would bo met by trebling the nominal 
live load stress and using a factor of safety of 3, as for a dead 
load. 

Case 2 probably represents the extreme effect of a variable load, 
and between it and the case of a purely dead load there are numberless 
others in which the ratio of dead to live load stress may have any 
value. Taking tlicsc deductions as a basis, therefore, the factor of 
safety for members subject to maximum and minimum stresses of the 
smne kind will vary between 3 and 4*5, and for members subject to 
maximum and minimum stresses of opposite kinds the factor of safety 
will vary between 4*5 and 9, The value chosen in any particular case 
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flTKiKJTiatAr* mnsmniKu 


will d(ii)on(l priniiijiall)* m th<! U> w!u(*H liv(* nv dinwl load 

tttrcBH |)rcponm*ntt(‘w. ^ * . . » 

M<mt of thu formula* dcvimHl f*»r oeUTimonik' tia* wotiniml artii or 
working HtnmH of a naanlH^r, or whiit ia j»ra**iu*ully flto Huim* tluu^; 
the factor of mfcity to bo omploynf, proviito in h nliilinj' fa<*tor 
of mfoty doiK*iidtint upori the ntlattvo vatnea of the nomiuul or apparent 
maximum and miuiiimm HtrortHea, vUiilnt hoiim* take into aertiunt the 
ilegroo of RuddenocKH of upph<‘attori of tla* live load, 

WdUer’a IxperimentB, -Tho ftdlovvinir rrHuttn wore «lfdut‘od fnmi 
a numl>crof ox[Hjriment« made by Herr Wtddjr with a vi!*w to iwoor- 
taining tho effect on the ntrength of lu.uoriulH when Hnl»joototl to 
known alternatiouH of «treH« rojauueil until fraotun* onKta-d, 'Phe 
raafcorial wiiH found to break under nnlreMH ronHjdt*ral»Iy Ir^a than that 
which it would vvithHtiuul wlmn the load Wiia applitnl Mte.idily umler 
normal conditioim of Umting. 1'he apj«uvnt Iijkh t*f altimafe atrength 
alao varied aexjording ti» the differ«*nn* In^wtru tin* maxinuun and 
minimum Htrt»HHUH ajmlieil.* Broadly ntuted tin* ueliml ri’Kiilta wen* as 
followrt If t ' ' breuKing Htn‘RM due to a hleudily a|»pli<Ml 1 m:hI with no 
variation CnHually adl<*d the muti<* iireuking HireiH), liien imd«'r <1 lar^t* 
number of applicntionH of loud viiryint: Iniween z«*ro and //, tint 
matorial eventually bnikii tuuler the load a when tin* appireut sirens 

caused wuh equal to or the Hlreiiuth <if the material Wiia apparently 

reduced by one-half. lJmh*r tho repeated upplieation t>f u load varvim*; 
between and -/*, that in between a eeitain eomprrH,sh»n ainl tin* 
same amount of teuHien, the material evt*ntuully l>rokr lunier the 

load V when thu apjMirent .itrena caused w.ih t*iiual to nnTespundunj: 

with an apparent nHluetion in Htremcth of twn-thirds, 

Launhardt-Weyrauch Formula. Thin f<»rmul.i wan devised to 
expresfl thti reduced ultiiuat4t sirength of a nn*mb«‘r when sul)j»et to 
altcmafciug nominal or apparent nia\imum and minuntun stn^se-i, 
indicated l)y tiui rcsullH iff WidilcrV experiments. 

Let Max. H ami Min. H tin* higln*r ami hover apparent htr»*'is«s lo 
which the mumher is Kuhjcct«*il; / 'Htati*' breakuur Htu’HH of iln* 
material in tons per Hijuare inch; B =» tin* redutMsl hreaking .sln*hh in 
tons per wjuare inch due tiJ the fluctuatin'^ h»iul, 'riieu 


B =? jf ( 1 + J ■ 


Min. S. 
Max. s) 


To apply this to jnirnoH<‘s iff tlcBigu, t!m suitahh* /cerAmy ntress /; 
tona per aquanj inch is ootaiueil by dividing the bn^aking ntress B by 
a factor of nafoty of il, whcnc.c - 


+ i' 


Min. S<i 
Mux. h) 


Taking t lov mild slool » 27 toiiK, imd for wronght iron *■ 21 IttUB 
per squtiro inch — 

' For a dutailod dtmimion of tho roaulU of Uiiwii exjKirlmonU, luo A'l'nietkal 
TrtaHsc <m lirldje Oomlrutiim, hy I. Claxtgu Fitllttr. 
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= 0^1 + i • for mild steel 

<^’“1 P ~ 4‘CC^l + J for wrought iron. 

If Max. S and Min. 8 bo of opposite kinds, Min. S will be denoted 
tiH a HHjiitiva stix‘HH, aud the formula becomes — 



Example 2. — Th(^ maximum and minimum ^tmm in a mild ste&l 
mmbn an mimlivdy 47 and 22 Unsi of Unmn. Detemim ihe not 
soctional area. 

Working? stress = 0(1 + i “|f) = 7-4 tons per square ineb, and net 
sectional area = ^ square inches. 

Exami»le maximum and minimum stmm Uing respectively 

47 tons lonsion and 10 tons compression^ to determine the net sectional 
area. 

Here the minimum stress of 10 tons is negative. Working 
stress = G(J - J = 5*155 tons per square iucL, and net sectional 
47 

area = = 8*8 square inches. 

R elatively, few membem are^actually allowed to suffer jeyersals of 
stress, a count er-brace being usdally^pfovidcd to tak e up t he reversed 
srfess, when the principal meiriber is then 'subject to a stress'~Buctuating 
between Max. S and zero. The working stress then equals G(1 + 0) 
= C ions per square inch, and the factor of safety = = 4 '5. 

Where Max. S = Miii. 8, but is of opposite kind, the working 
stress = (>(1 — i) = tons per square inch, and the factor of 
safety = = 1), us previously mentioned. 

The apparently leduccd breaking strength of the material when 
subjected to alternating stresses is considered by some authorities to be 
due to a deteriorated condition ol the material to which the term 
fatigue has been applied, and the results of the Wohler tests are 
generally ascribed to some smdi condition of the material. It will be 
noticed tliat the Launhardt-Weyrauch formula, being based on the 
results of Wohler’s tests, makes allowance for the so-called fatigue of 
the material, but does not allow for the dijnamic or impact effect of the 
load, since the suddenness of application of the load does not enter into 
the results deduced from the tests. 

Modified Launhardt Formula.— The following modified form of 
this formula is in use in America : — 

p = :V34(^l + for wrought iron- 

the lower resulting value for f being assumed to cover the effects of 
both “ fatigue ” and impact. 

Whether it is necessary to make a separate allowance for the effects 
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of “ftttfeno” and dyimmit! Htn-tw w a mtniliHlfUitud I^of, 

T. Olaxtou Fidicr advtMmtsa rt'iuwHH fur KujtjMwinjf that the 

effects of “fatigau” ami dyimmic art) oin* unit tint hhuii*.' 

Pidler’s Dynamic Formula. -Tint follitwinK' fnrittidu huu twen 
proposed by Prof. T. (Tluxtoti Kitlior for dfU'rminiiiK; tlif Hiftitmnl urea 
of members. It inaki-s Hllowaiitui for llm ilynitmit; i'lbfi of tJio 
fluctuating loiul in a niaimiT aUlttil liriftiy us follows. If u lufiulsT 
bo subject to an initial Htn*H8 of, say, 2 tons js-r Hi|Uuri* iiu-li duo to tlio 
dead load, the niuhtm applictdion of a fiirlhiT louit stioli as would 
create an additional .H tons of stri'SH if ujiiiliwl very Knulnally, may 
cause a momentary or dynamic iiuTwisit of stross of x .’t - (! tons jht 
square inch, thus cruatinK an actual niuximtim stri ss of 2 i- (! - k tons 
per square inch. Bimilarly, titu suddfii aiiplifalion of » stross fijiml to 
ono-bialf the bruakinj? stmiKlb of tlw maUTial may readily atvoimt for 
the failure of a bar by the creation of a dyuamie stretw eijual to tho 
breaking stroas. This is, Itroailly sis-ukiii),', the litie of anrutnent by 
which tuo results of Wohler’s (esU may !»• explained liy refereiiee tit the 
dynamic theory of stress, and, uHsuminx this action tit take pluec, tliu 
material does not undiTfto any iir/wr/ n•dm■tillll of breukimt slrenj'lh, 
but fails at its normal static ItroakitiK stress, simply Is-eause that stress 
is momentarily created by the smldennesH of applieatioii of the load. 

If Max. n and Min. H repnwmt ns Itefore, the maximum and 
minimum slrosscs to wbinU the memher is sulijeeted, tlie liynamic 
iaoroment of stress = //■ = Mux, H - Min. S. 

Uunce the actual maximum stress to lie provided for in desii'uim' 
tho sectional urea = noiuiiial nuvKimiim stress -f- inereiuenl .^ia.\ B 
+ w i and for mild steel tension meiuhero - 


Net sectional area = 


Max. X (■ ir , , 

Kiiuiire inehes 


For compressivo memhers not liablo to hiiekle 


dross sectional area = 


Max. X P ir 
7 


siiuare fmdies. 


_ For members subject to nltorimtiiii!; stresses of oppo..ile Kinds, 
Min. 8 will be uep'ative, and w = Max. X-( - .Miii. S) .Max. .S 
+ Min. X. 

For wrought-irou tension members -- 

\T j 1 * 1 Max. X 4* ir 

Net sectional area = 

(l■(l(t 

and for wrought-irou conipression members 
Gross Hcclioual area = 

»)*«»») 

Prof. Fidlor recommends that in oil cases whore tho inoroment tt> is 
applied mstautancously, or practically so, its full viduo a Max. H 
— Mm. tS, IS to bo added to tlio nominal Max. 8, This will bo the cane in 

' Hridgi ConttrueHon, T. 0. It'idlor, pp. atS tf seg. 
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web members of girders, cross-girders and longitudinals, whilst in the 
case of the flanges of main girders exceeding 100 feet span, ie. in which 
an appreciable period of time elapses between minimum and maximum 
loading, to is to bo taken 

Max. S — Min. S 

'2 ” 


This is, of course, a purely arbitrary allowance, but at the same time 
reasonable. The formula used in this manner becomes very elastic, 
and may obviously bo applied generally, by varying tv in accordance 
with the time period of loading, but such modification must depend 
entirely on the judgment of the designer. 

ExampIjM a, - RfUfuirM the .^eclional area for a mild steel nwriber i)i 
tvhkh the stms allenuites rapidly fiom 50 ions of tension ^ 18 tons of 
tension. 

w = 50 — 18 = tons 
50 + 82 

and sectional area = =0*1 square inches. 

ExAMPnr3 5. — The maTimum stress in a mild steel strut is 57 tons of 
compression and the minmim stress 12 tons of tension. Required the 
sectional area ejcdusm of consukraiion of bucUinij tendency. 

Here, to = 57 + 12 « 00 tons, and if the change from minimum to 
maximum loading take place instantaneously, the actual maximum 
stress to be designed for = 57 + 09 = 12C tons, whence- 

soctioiial area = ^ = 5 18 square inches. 

Stone’s “Range” Formula.^^The following formula has been 
proposed by Mr. E. H. Htouc, M.Inst.O.E. Briefly, this formula 
takes into account, sciiarately, what is defined as the immediate effect 
and the cumulative efeit of the moving load. Quoting from the 
author’s original iiajier, the immediate effect is “oliservable every time 
a tram traverses a bridge, duo to the sudden and viohmt manner in 
which the load is apiilied — irregularities in the track, peculiarities of the 
engine, or other causes.” The cumulative effect is “ an cfl'eet jiroduced 
in course of time by repeated loading and unloading.” The object of 
the inquiry was to establish a co-eflicieiit to be applied to the nominal 
moving load, winch should express its total cfrcct on the members of 
the structure in terms of cirectivc or equivalent fixed load. 

1. The “immediate” effect of the moving load, as compared with 
that due to the same amount of static or fixed load, is deduced from 
experiments, information regiu’dmg which is given m the paper above 
referred to. 

2. The “ cumulative ” effect of the moving load, as compared with 
that due to the same amount of fixed load, is deduced from Wohler’s 
experiments. The “immediate” and “cumulative” effects are then 
combined in a rational manner to give the total effect of the moving 
load, as compared with that of an equivalent amount of fixed load. 
The results for mild steel are given in Table 2 k 

^ Transactions Am. Soc. C.-E?., yol. 41, pp. 467 to 558. 
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TABHE 24- -WoitKINd HtUKHUEH KitK HlKKI, IIV UaNOK 
FouMiiiA '-S.vf(! WurkiiiK Strm = ll - Ci x U’l. 


jN(aula tl ItiAtl. 


Total 

nominal 

load. 


(lomputiition of 
nominal Ittml. 


Hx«l MovIok 
load. load. 


t>i idnaln 
Niuivaloot 
of moviiiK 
Itjad In 
torina of 
IUihI liOMl. 


KffiH Hvo loait, 


; WurklnK tmilut. 
Kaitiir of wtfity :i 


Total 
<‘00* llvo 
looli. 


( ttlit{*MllU(o(| Iff 

toad 


Ktxi^d I Movtiiit 

toiut I tiaid. 


t‘t rnUMtttio Kttraa, 
I'oita |Mir ar|. to, 


|'U"to IlUftfi 
i nominat 
I ti'ail I to4ii, 


tons. 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 


tnnti. 

0 

2-6 

fi 

10 

15 

20 

25 

ao 

aB*S 

85 

40 

45 

50 

55 

00 

05 

00*4 

70 

75 

80 

H5 

OO 

05 

100 


tuna, 

UK) 

07*5 

95 

90 

85 

«0 

75 

70 

00-4 

05 

00 

55 

50 

45 

40 

85 

8a'4 

80 

26 

20 

15 

10 

5 

0 


2*2500 
2-147H 
2‘()5H6 
XWi 
1-7HHU 
l*flH97 
l‘(KKn 
1*58 H 
V 491 H 
1*47 U) 
1*4107 
i-a(»7a 
i*n22t'> 
1*2B17 
1-2489 
1-2OH0 
1*IU74 
I* 1754 
M489 
M180 
I -0844 
1*0559 
I *0278 
l* 0 (KX) 


uma. 

aas'oooo 
ax 1 9105 
aoo*5S75 
x 8 i- 8 i 90 
X670S65 
iS5‘X7<^ 
X 45 * 4 S 7 S 
137*4080 
X3a7866 

*306735 

zas'ooao 

xao* 30 X 5 

xx6*x300 

X 12*6755 

*097560 

107*30x0 

1065800 

105*2630 

*035975 

X022720 

iox'266o 

X 00 S 590 

xoo*X390 

XOO'OOOO 


tun*. 

(Ml. 


0 

aii.viKX«i 

4'oa 

2*5 

MlW'4Utri 

425 

5 

niti’Min 

<4<) 

!0 

ni-HiiKi 

495 

15 


S' 39 

2i) 

l:t.vivtiit 

580 

25 


6' 19 


KiT’ldwi 

<■>55 

ita ft 

ini' 

978 

85 

954»V85 

689 

10 

H5'(H)20 

7 40 

45 

75’2015 

7 49 

M) 

] OI**180<» 

7 7.S 

55 

I 57’0Vi*‘» 

7W 

es) 

49-7/XUi 

Bio 

05 

1 12*8010 

«:t9 


!t9-Ol88 

844 

70 

85*20*2i> 

»’§i> 

75 

2M*50V5 


MO 

tv.e.iVeo 

8 He 

M5 

lO'.'rxa) 

8 89 

90 

lO’fuV.H) 

«9S 

95 

5't8‘H) 


\m 

(1 UKM) 

900 


9 ‘(X» 

9 ‘t») 

9 tKt 

UdK) 

U'tK) 

INK) 

IHK) 

‘HKt 

tHH) 

9 tK» 

tMH) 
li (K) 
*.» 

It iM) 
•t«H) 
[) (M) 
OiX) 
‘I IH) 
!t IH) 
IHM) 
•t (Kt 
It (M) 
M IM) 


“ It iw found by (‘xpnrimciut, as might. Imvtt bfon (liut thr 

co-eflioicnfc representing tint extra itiTcot of t/ht* inuviiur lojui un u ‘'inlrr 
(or on a member of a bridge t-ruHs) is a variabbi t|uantity dt‘p»-ndtn'*' nu 
the relative amount of lixe.l load and moving load in tin* t«>tal lotni, 
being greatest where the proportion of moving bnul in tin* total load is 
comparatively high.” 

The first column of Table 21 represents tin*, total nomimtl Intel or 
stress in the member, due to both fixed and moving loini, rxpn*.sHe«l a.*- 
100 per cent. The Heciond and third eolumns give the pertvniage of 
nominal stress due to tixtid arnl nuiving lotnl r(‘sjH*{!tiveIy. ^rin* fourth 
column contains the deduced co-eflicients by which the nominal HiresH 
due to moving load is to be mulliplhtd in ordt*r to give t-fleetivc m 
equivalent fixed load stress. The vtilues in the fifth column arc obtained 
by multiplying tlio percentages in column it by the <*o-efllcientH in 
column 4, and adding the pcrcenUtges in (H)lumn 2, and express the 
equivalent stress due to the total nominal load in terms of fixi*d or 
dead load stress. (Holumns (I and 7 show the comjiosition of this 
equivalent stress, that is, the proportion of it duo to the cHect of the 
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fixed load, and that due to the effect of the moving load. Since the 
values in column 5 repnsout equivalent fixed load stress, a uniform 
working stress of 9 tons per square inch may be adopted in every 
instance, and the sectional area may be computed on the total effective 
load at 9 tons per square inch, or on the total nominal load at some 
reduced number of tons per square inch. The reduced working stress 
to be adopted in any particular case 

<u./mc V nominal load 
■ total effective load 

‘ Thus, for a member having a total no m i n al stress of 100 tons, 30 tons 
being duo to dead lotul, and 70 tons to moving load, the equivalent 
dead load stress from column 0 = 137'408, and sectional area 

- - ir)-27 square inches. If, however, it is desired to calculate 

the sectional area with respect to the total nominal stress of 100 tons, 

the reduced working stress to be employed = of 9 = 6*55 tons 

per square inch, which is found in column 8, and sectional area 

= = irr27 S(juare inches as before. It may be noted that for 

the same example, the sectional area by the L'uinhardt formula would 
be 14*5 S(inaro inches, and by Olaxton Pidler’s formula, 18*9 square 
inches. 

The other values in column 8 are deduced similarly, and the table 
exhibits at a glance the imib working stress to be adopted for a given 
nominal total stress, of which the percentage composition is known. 
A formula giving the working stress is readily obtained by plotting 
the curve showing the relation between the working stresses of column 8 
and tlic coircsponding varying percentages of fixed and moving load 
constituting the total nominal load. This curve being slightly modified 
to allow for a reasonable amount of shock and jarring on lighter 
members subject to considerable variation of stress, the formula 
eventually deduced is as follows— 

Let R = proportionate range of stress 

Stress due t o moving_load Ra nge of stress 

“ Fixed load stress + moving load stress “ Total stress 

Then safe working stress per square inch 

= 9 - 5R“ for mild steel 

and = 7 - 4R- for wrought iron. 

Example 6. — A mid steel memler is subject to a tensile stress of 
57 to?is, due to moving and fixed load combined^ and 18 ions of tension, 
dm to fixed load alone, Reguired the sectimal area by the Range formula. 

Stress due to moving load = 57^18 = 39 tons. Hence, ratio 
R “ wy = 0 G84. 

Working stress = 9 - 5 X (0*684.)“ = 6*66 tons per square inch, 
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. , totiil lumiiim! IdiwI ."'7 „ , , 

and nob Bccbiouiil urea = ^vorkiiiK fitroBH iJ-ci! ' ‘ “'•“'‘•’o 

The worldiifjf BfcrcHH may ulmi Ini taken from 'Puhle :il, tluiH * 


rorceutuge of fixed load rttr<’rtH ss I'l x lot> ittni 

From •'rablo 2 1-— 

Working fltr(*Hs for Ih) iht fixed load 

„ „ nrd H M IH taminidly the mean of 

thene two vahutM, or 
toim {H-r H(|uur4s 

inrh. 

Bxampok 7.—^ mild hM mmhr h HitlijWf to a fitod load airrm of 
40 tonn of tmmn, and alternations of no tons of tension and no tons of 
compression camd by a maviny load. To dednee the sertionat urea. 

Hero maximam tciiHile Ktrt‘Hrt5=^ to 4- no - To Uhik. When the 
moving load Htro.HB of no tons rompresslon ooimH into ojH*ration, no of 
the 40 toiiH tension due to the fixed IoimI is nentrali’/eih leaving a 
“residual fixed load HtreHs” of lo ton.s of teiirttun. The range of 
stress is therefore 00 tons, wlnlnt tin? “total HtreHs'' * stresH due to 
moving load + residual fix<td load atresH at tin* iustaut the nm\irumn 
tensile stress of 70 tons is in operation, tio •}• lo 70 tons. It is 
to bo noticed that OO of the 7o tons of maxiinuin stresH js le.illy due to 
the action of the moving loail, and that for the moment^ oul\ lo id t.lie 
40 tons tension originally due to the lixetl load is in operation as uml 
load stress. 

Hence, K = f;, = 0*80 

and working stress = \) - o x (o*8(>)'' ;• :»•;! tons per Hipiare inrh 
whence sectional area = ■= in*2 H<|Uan5 inehes. 

The above treatment of (nises of fluctuating streHSes is rneomiuendod 
by Mr. Htouc as being tin? most reanonabhs and employed in thw 
manner, the “range’’ formula becomes ajiplii’able to all eases of 
loading, 

Kxamuuk 8 . — A mild steel member is suhjeet to a fired load stie^s of 
colons compression^ and a inoidntj Ion I stress ndiie/i ntternahs hettreen 
80 tons of compression and *10 tons of tension. 

In this case the maximum compression 20 + H(k loo tons. 
At the instant the do tons of tension is created by the aeiion of tlu* 
moving load, the whole 20 tons comprosHion originally <lue to tin* 
fixed load, is more than neutralized, and the, effet*t due U? the weight 
of the structure itself here constitutes moving loml elTeet, since it is 
applied and removed each time the moving load comes into action. 
The “residual fixed load stress” is therefore zero, and “tot.al strcHs” 
= range of stress + residual fixed load stress = 120 + 0 1 20 tons. 
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Ilcnco tbo ratio R = 
wliero actual reversal of stress takes place. 

/. Working stress = 9 - 5 x 1® = 4 tons per square inch, and 
sectional area = = ,‘30 square inches. 

^rho tlirce formula) cited are representative of those in general use, 
which in one form or another may be relegated to one of the above 
types. It should bo noticed that in every case a factor of safety of 3 
is uniformly employed on the “equivalent dead load” stress, whilst on 
the “ nominal maximum stress ” a variable factor of safety results from 
using one or other of the formula). 

Impact Formulae. — In the case of members of railway bridge 
girders, the probable additional stresses caused by the rolling load 
over and above thoHo arrived at by calculating the stresses due to the 
various Mie jioflitionH of the load, are usually computed by the aid of 
one of the many suggiistod Impact forinulm. The principal causes of 
impact stress arc unbalanced driving wheels of locomotives, uneven 
track, wheel tyres worn out of truth, pitching and rolling of engines, 
rapidity of appli(^ation of load and deflection of cross beams and 
longitudinals. The term “ impact ” is understood to include all effects of 
the rolling load which create stresses in excess of the computed static 
stresses. 

It is manifestly impossible to express by a formula the combined 
olTect of so many complex factors, and the present state of exact know- 
ledge of this question is far from complete. With track and rolling 
stock in good condition, the chief causes of impact are unbalanced 
rotating parts and speed of load. At best, since an accurate estimate 
is impossible, it is desirable to make an allowance known to be on the 
safe side, and most of the impact formula) in general use probably 
accomplish this end. 

Pencoyd Formula, proposed by Mr. 0. C. Schneider, Past President 
of the Am Hoc. 0. E. 


300 __ 
L + 300 


X R 


where M = stress due to rolling load considered at rest in the position 
which causes the maximum stress iu the member under consideration ; 
L = length in feet of that portion of the span which the load has 
traversed to reach that position from the point where it first began to 
produce stress in the member ; I = the stress to be added to H to 

allow for impact. The fraction is known as the “impact 

coeificient.” This formula, although widely used, probably gives results 
slightly too low for short spans up to about 70 feet on which impact 
is most severe, and too great for large spans exceeding about 200 feet. 

American Railway Engineering Association Formula. — This 
formula has been suggested following the results of observations on 
forty-six spans up to 500 feet at speeds varying from 10 to 70 miles 
per hour. 

E 
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I=-^XS 

Prof. Tnmoauro MiRgCBtH u nio<liiiotition <'f this foriiiulti hy (‘mjtloyhiff 
tho constant 8(),()0{) iiisU'utl of 

Waddell’s Pormula.--Mr. .1. A. I<. Wmltloll, Un* Aincriouii 

Mdge engineer, has jiroposed tho following foriuulu - 


where I, L, and S have the same Bignififajico us hImivo inul « -■ tin* 
number of tnKjks carrUsd by tho bri<lgi!. Kor liighwiiy bridgoH, lliis 
formula is modified as follows - 


1(10 

jilj + itwi 


X 


in whicli » = total width of roadway and siilowalkH dividfd by 2ti> 

Tho following are tho coiutlosioim arrived at and lajlilisln'd by the 
Committee of the Aimirioan Railway Kogiiieeriiig .IssiKdation in con- 
neotion with tho observations above referred lo.‘ 

“(1) With tnuik in good condition the <!hief eaiiHc of iinpact. was 
found to be tho unbalanced drivers of the loeoinot ive. Such inei jnulities 
of track as oxisUsd on tho Htructures tested were of little iulltienee on 
impact on girder flanges and main truss members of spiHis exeeeiling 
60 to 75 feet in length. 

“(2) When tho rate of rotation of thi> locomotive ilriverseorreHiiondH 
to the rate (tf vibration of the Ittathtd striictnre, einintlative vibnition a- 
caused, which is tho jirincipal facU>r in iirodtieing imiiaet in hmg Hillin'., 
Tho speed of tho train which nrotluces thiHeumtilHti\e vilmition is nillcd 
the ‘ critical speed.’ A siKitta in exwss of the eritieul specii, as well as 
a speed below the critleid speed, will lunse vihraliouH of less :ini|ilitiide 
than those caused at or nt'ar the critical sis'ctl. 

“(3) Tho longer the spun length (ho slower is the l•Iiti<•ul siwed ; 
and therefore the maximum impact on long H|ianH will oceur at Mower 
speeds than on short spans. 

“(1) For short Hisms, such that the erilieal speed is not reachnl 
by the moving train, tho imiiact iM'rcontage tends to be eonstant so far 
as the clfectof the eounter-hidanci! is coinTnieii, Imt (he effect of lou-di 
track and wheels becomt'S of greater importance for sneh spans. 

“ (5) The impiust us dtttermiued by extonsometsT measnreinejits on 
flanges and chord memlii'rs of liritsstts is somewhat greater than the 
percentages determined frommcasim'mentsof dclieclion, but Itoth values 
follow tho same general law. 

“ (0) Tho maximum impact on web memlKtrs (excepting liip vcrticids) 
occurs under the same conditions which tantsc maximum imjsict on chord 
members, and tho percentages of imiMwtt for the two cIiissch of mcmlsTS 
are practically tho same. 

“ (7) The imptutt on stringers is about the same im on plate-girder 


‘ American lUilway Itugiueoring Assuoktiou, UuUelm No. 136, 11)10. 
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spans of the samo length, and the impact on floor beams and Mp 
verticals is about the same as on plate girders of a span length equal 
to two panels. 

(8) The maximum impact percentage as determined by these tests 
is closely given by the formula 



in which T = impact percentage, and L = span length in feet. 

(0) The eficcb of (lifferences of design was most noticeable with 
respect to difrerenccs in the bridge floors. An elastic floor, such as 
furnished by long ties (sleepers) supported on widely spaced stringers, 
or a ballasted floor, gave smoother curves than were obtained with more 
rigid floors. The results clearly indicated a cushioning effect with 
respect to^ impact duo to open joints, rough wheels, and similar causes. 
This cushioning on'ecfc was noticed on stringers, floor beams, hip verticals, 
and short span girders. 

“ (10) The effect of design upon impact percentage for main truss 
members was not suiliciontly marked to enable conclusions to be drawn. 
The impact percentage here considered refers to variations in the axial 
stresses in tlic members, and does not relate to vibrations of members 
themscilves. 

“ (11) The impact due to tho rapid application of a load, assuming 
smooth track and balanced loads, is found to be, from both theoretical 
and experimental grounds, of no practical importance. 

“ (12) The impact caused by balanced compound and electric loco- 
motives was very small, and the vibrations caused under the loads were 
not cumulative. 

(IJi) Tho effect of rough and flab wheels was distinctly noticeable 
on floor beams, but not on truss members. Large impact was, however, 
caused in several cases by heavily loaded freight cars moving at high 
speeds.” 

For further useful information on this subject, reference may be 
made to a paper On Imxiact Coefficients for Railway Girders ” and 
the accompanying disenssion llioieon, by C. W. Anderson, M.Inst.C.B., 
published in volume cc. of the Minutes of Froceedings of the Inst C.E, 
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BENDING MOMENT AND SNEAHIXG i OECI\ 


Beading Moment— Sa])poR(i tlio bwun in Ki)k'» ti hr ihnl ut A nml 
loaded with 2 tons at tlu* frro rml H, thru thr loiul inultiphrtl by 

dirttance from A m rullrd tin* momvfit 



12 . 


of the load about A* Sinci* thr rth^rt of 
thiH inoimuit into oatmtt of tho 

beam, tlm mtmumt in furtlnt fiillrd tho 
bmdintj mommt at A. lU valiir - 
toufl X ft’ut * 21 foot-ttum, 

SiiK’o the Inuitiin^^ nioiurut etjualrt 
load X diHtantv, the iM-mUui; uioimuit 
at B (liKtaut b fret from H . 2 x IH 
foot-UmH. Hiuiilarly u( tb(} brndnif' 
moment -“-r 2 X ^ 12 huU-toim, at 
1) 2 = 2 X b - i\ foot tona, uiul at K 
s= 2 X n sr 0 , Blotting tbrar valurn 
below a hori'/outiil hm\ tin* jHiuilH 
HO obtained In* on the Hiru^dd hue tf\ 
which in Hindi that tlu* vrriK’ul drptbh 


hobwGon it and fw rcpriificnt the hendin^^ momrutH at rorrrHpomlim;: 
points alonf^ tho beam, d'he fifjure (f(f m (’ullrd tin* Ewlm*} mommi 
diaffram for tho beuim In Uuh caws haviu|j: obtidunl piont /, the 
diagram might have born completed by joining / to t\ without <'aleu- 
lafcing tho bending moimuit for any iutermediute pointH. It udl 
soon that ao roprcHenlH the length of the lieam to any t*tinvenient Heal*-, 
which however luiH no connection with tin* ni’iile tro which the licnding 
moments arc plotted. For iiiKtance, if lie uuulc :i mt'hcH and a/ 
2 inchoH, tlio sealo for dwtaace along the benm wotihl l>c I JM to 
1 inch, and for tho bending moments, 12 ftwf hns to 1 imdi/ Tint 
practical value of a bcmding*moment diagram is to cnaltlc the Umding} 
moment to bo scaled off for uni/ point along the bt‘uin» tin* diagrainj 
being usually readily drawn after ealculating the inonuuit at a 
points only. 

Shearing Force. -Apart from the bending action, the load latH 
another ofloct on the beam as indicated at A, Fig. lib Thirt in the 
tendency to shear tho beam vertically at any section huc!i hk A or B. 
Such an cflect is duo to vertical Hlmrin// fm'e. In tluH cane it m ciinal 
in amount to 2 tons at every vertical Hection along tlm beam. Tim 
shearing force is roprcaonted diagraiumatioally below tho bonding 
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moment diagram in Fig. 12, whore GH again represents the span and 
GK is made equal to 2 tons to scale. The depth of the rectangle 
GHLK is a measurc.of the shearing force at any 
section of the beam. 

BelMon between Bending Moment and Shear- 
ing ihra.— The following relation always exists 
between the bending moment and shearing force 
\ixt any section of a beam. The area of the 
shearing-force diagram, between the free end of 
the beam and any vertical section, equals the 
bending moment at that section. Thus in Fig. 12 the area of the 
rectangle OIILK, between the free end H and the vertical section 
GK = 011 X GK = 12 foci X 2 tons = 24 foot-tons, which was the 
value obtained for the bending moment af. Again, considering 
section 0, the area of the shearing-force diagram between H and M is 
the rectangle MHLN, which = G feet x 2 tons = 12 foot-tons, the 
bonding moinent previously obtained for section 0. 

A beam such as the. above, having one end fixed and the other free, 
is called a cantilever. The bending moment in this case, if expressed 
in general terms = Wl foot-tons, where W = the load and I = span. 

Cantilever carrying any number of Concentrated Loads. — Suppose 
the cantilever in Fig. 14 to be 30 feet long and to carry loads as indi- 
cated. The bending moment at D 
is nothing. At 0 the bending 
moment = 5 ions x 10 feet = fiO 
foot-tons, which is plotted on the 
bending-moment diagram at cc\ At 
B there is the combined bending 
moment, duo to 3 tons acting at a 
leverage of 22 feet, and (> tons at a 
leverage of 12 feet, lienee — 

. Bending inoinent at B = 5 
X 22 -j- 0 X lii = 1^2 foot-tons, 
whi(5h is plotted at bU. 

The bending moment at A 
= 5 X 30 -t- G X 20 4- 8 X 8 = 334 foot- 
tons, which is plotted at aal.^ ^ The 
diagram is completed by joining 
points b\ d, d by straight lines. 

Note that the inclination of the 
boundary line dUdd changes under each point of application of the 
loads. If the loads were very numerous and close together, the broken 
line dUdd would approximate to a curve. 

The shearing force between I) and 0 is 5 tons. Between 0 and B 
it is augmented by the additional load of G tons, giving 5 4-6 = 11 tons, 
and between B and A this 1 1 tons is further augmented by the load 
of 8 tons, giving 5 4- G 4- 8 = 19 tons. The construction of the 
shearing-force diagram is indicated in the lower figure. 

Cantilever carrying a Uniformly Distributed Load. — ^A distributed 
load is any load which is applied continuously along the whole length of 
a beam. In practice the majority of distributed loads to be considered 
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are uniformly distributed lumls ; thiit is, m?li foot length of the beam 


carries an c(iun.l mmml of loml, sutih, for example* iwti beam snpiwrting 
a wall of uniform lunglit. The deml weight of Urn iHxim itself* if of 
uniform section, is also a uniform loiwl 
Suppose the cantilever in Fig. lf» 
a load of ii tons per foot run 
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to he 10 ft*et hmg* umi to carry 
'Pho Imiuling numnuit ut A will he the 
8JUUC uH if tin* wholi* haul were eon- 

■ /<5^ eeutraUnl at its vi*nUv of gravity. The 

toUl haul 10 X *J Urns, ami its 
etmtre nf gravity is sitnated at the 
iiihUUe of its length ; that i«* M ftHjt 
from A. Tin* iHuuliag mona-nt at A 
therefore x w foot.iuim, 

At the Reetion H, the portion of tla» 
toml creating heutling naanent in that 
ilistrilmitsl ovi‘r the t*J f*rt letigth BK* 
having its eentre of gravity tli^tant 
0 feet from H. 

iKuuling moment at B 

X :!) tons X 0 fet't 
- U I foot-touH. 

16. Himilarly, at m*etiim <\ the hemiitig 

moment » (h x if) tons \ i feet Oi 
foot-tons, and at se(!tion D the hemling immumt .(lx :f) toin < fret 
as 16 foot-tons. At H the moment is O. Th(*8e \ahie.H are plotted as 
before at m\ hb\ etc. 

If, instead of conshlering only four H<*etiimH of the brain, a very 
great number were takiui and the resulting lumding momeutH pluttrd, 
the points so obttnncd would he foiiml to lie on an even mu-ve pasMing 
through «7/rWV, which in this e4iHe in a Hemi-jmrabiila tane»’nt it> the 
horizontal lino at e. Knowing ihm to In* ho, it U only nerrmtiirv to 
calculate the bending moment at A and to lit in the eurve l»/th<* 
geomtttrhtal eontraetion sliown in Fig. Hi. Set 
ont = IfoC ft.4t>im to w'alr and nf It; ft. 
to si^ale. Divide f/e into any number of Mpml 
{lartH and into tin* imml>er (»f eoual 
IKirtrt. Draw verti(MiK through //, b, r, ami //, 
and join e to pointK I, U on mi*. 'I'tio inter 
sei'tions of el with tfb\ with tr\ amt #.1 with 
l^xu. IG. rW', give points through whieh a five 

curve, is drawn. M(>re fn'quent points m tin* 
curve may be obtained by dividing m and mt* ii»t«i a gnawer tunuber td 
parts. 

The shearing force is nothing at the free end H, and i»i*reaK<*H by 
tons for each foot length of th<^ cantilever from K t<» A, h«i that at D it 
is 4 X ii ~ H tons, at (1, 8 x Sf — 16 tons, at B, 21 tuns, and at A, H2 
tons. 7'hc H.F. diagram is therefore the triangle in the lower ligurm 
Note the relation between the two diagrams. Tlio area c»f the H F. 

diagram between the free oud Q and centre of beam 
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ft.-tons, or the value of the B.M. obtained for section 0. Expressed in 
general terms, the B.M. at the fixed end = where lu = load per 
foot run and I = span in feet. 

X supported at both Ends and carrying a Concentrated Load 
at the Centre.— Suppose the beam in Fig. 17 to be 50 feet span, and 
loaded at the centre with 8 tons. 

Obviously half the load will bo carried 
by each support, giving rise to equal 
upward reactions of 4 tons. If the 
beam were inverted it would be similar 
to a balanced cantilever supported at 
the centre and having each end, loaded 
with 4 tons. The B.M. at the centre 
therefore = 4 tons x 25 ft. = 100 ft.- 
tons, or load x ^ span. In tins case 
the beam bends with its concave side 
uppermost, whereas in the cantilevers 
previously considered the bending took 
place with the concave side downwards, 
it is customary to distinguish between 
these two kinds of bending action by 
designating the bonding in Fig. 18, A as positive, and Fig. 18, B as 
negative. Diagrams of positive bending moments aie plotted alove the 
horizontal line representing the span, and negative 
moments Mow. 

The shearing force from the left-hand abut- 
ment to the centre of the beam is 4 tons acting 
wpjntrda oh tho left of any section such as A, 

Kig.^ 17, and down wards oh iho rajht of such 
section. At the centre of the beam tlie upward 
shear of 4 tons is more than neutralized by the downward acting load 
of 8 tons, so that the shear now acts downwards on the lift of any 
section B, to the right of the centre and upaards on the rujht of such 
section. As the relative direction of the shear lever&cs eiLthe centime, it 
IS customary to designate the shearing force from the left abutment 
to the centre of the beam as posduw, and from the centre to the right 
abutment as neijatire. Prom the centre to the ri^>ht abutment the 
verti(‘al shear of 4 tons acts downwards on the left of every section, 
until at the abutment it is neutralized by the upward reaction of 4 
tons and. becomes reduced to zero. This is shown on the S P diagram 
by plotting OD = 4 tons alove the horizontal line OE, and EF = 4 
tons heloto OB, and completing the diagram as shown. It should 
be noted that, immediately under the load (in this case at the centre 
of the beam), the diagram exhibits a positive shear of A tons and 
a negative shear of 4 tons, so the actual resultant shear is -f 4 — 4 
= 0. This zero shear only exists at the central vertical section of the 
beam, and, according to the diagram, it suddenh/ increases to the full 
value of 4 tons on sections %mmed%atelij to the right or left of the centre. 
This state of shear only exists on the assumption that the load is applied 
at a single point on the beam, a condition impossible of realization in 
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actual practice, since all IoikIh niwKt have an aiiprcciablc arcai of Ijoaring 
on the beams sniiiicrtiiig tJuini. Ah Uuh pDiut friujncnily givcH rise to 
some (lillioulty in coiTuctly intorjiiHing the im-uniiig of Blmar force 
diagrams, a reference to the following practical example will rentier it 
more clear. Htipposo tho load of H tons in Kig. lb to lat applied by a 
rolled joist having iiangcn inchim wide. 'I’lie iM'uring urea on tho 
beam AB is now « inchcH wide instead of being a Hingle point, ami tho 
“concentrated” loud of H toim is iM-tnally a dintributcti lonil of 1 ton 
per inch run over tho central k inehes of the length of AH. From 
abutment A to tho Icft-lmnd edge of the lower llange of tins joiHt, 
tho shear is + •! tons at beftire. At 1 inch in frttin the etlge ttf tho 
toga, a downward load of 1 ton has Is'iin apjtlietl, reducing tin* shear 
to + » tons. At 2 inches in, tlio_ Khear m further redmvd by another 
ton, and ciiuals + 2 toun ; at A incheK it ik reduceil to -t- 1 ton, and 
at tho centre to nero. At f> inelies from the left hand edge of 
flange, f) tons of downward acting load having been applied, the 
shear is + •! "* 5 ~ "• i ton ; at () iiudies it is -j- •! — (> - — 2 tonH,i'te, 
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Thus fclic shear i'h r<*ully (iradtffdh/ decreu'^Ml from { i Ions ul lln* 
left-hand ed^^e of to — -I at tin* hand ami l•anllol 

chan|j[c abruptly us implied by the v<*rUe.aI Kteps <m S.F, diai'mmH tor 
conctmtralcd loads uk usually drawn. Tho Humtt is Into f(<r tlie Ixariju' 
surfaces on the Rupiiorts, the shear incroasiiiK K*’^^<hially from to D 
over the hori/Aintal iH'arinj^ of H". 

Beam ppported at both Ends and carryinjf a Concontratod Lotul 
at any Point.- SuppoHo tluj Imiuu Alt in Fiir. t-o bo lo ft. npan, aiitl 
to carry a coniJcntruied load of lo tons at fct‘t frojn A. 'Pbo rcurtiim 
at B (usually denoted R„j is f(mnd i»y taking intmn‘UtH about tlu* 
opposite end A of the beam. Thus — 

X Ki' = 10 tons X 
A Um = 10 X SB (t tons. 

The reaction Ra at A must 1 hi the diir«‘rence lK*twe(*n thc^ totid lotul and 
Un, or 10 - (J = d ions. The B.M. at 0 = 0 toim x Ul ft. • 00 ft.- 
tons, which enables the B.M. diagram to be plotted. The IhM. at 0 
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may also be obtained by working from the reaction at A. Thus 4 tons 
X 24 ft. D6 ft. -tons as before. The S.F. is -1- 4 tons from A to 0, 

and — G tons from 0 to B, and the diagram is plotted as shown. The 
reactions at A and B are always inversely proportional to the segments 
into which the span is divided by the load point 0. Thus ^ of 10 tons/ 
gives Ra, the reaction at the opposite end to the 16 ft. segment, and |f| 
of 10 tons gives R«. By remembering this rule, the reactions may| 
readily l)i(^ written down from a simple inspection of the position of the 
load. Note. — The areas of the positive and negative portions of theif 
S.F. diagram for any beam are always equal, since each is a measui*e of II 
the B.M. at the same point. 

Beam supported at both Ends and carrying any number of Con- 
centrated Loads.— Suppose the beam in Fig. 21 to be 80 ft. span and 
to carry loads us indicated. 

Reaction Ra = -JS of 10 tons 
-h ^ of K) tons -f- {JIj of 0 tons 
= 2 + 10 + 4i = IGi tons. 

RH = 6 + 10+10-16|=:ir)i 
tons. 

B.M. at E = Rij X IG ft. 

= mi X 16 = 248 ft.-.tons. 

Oonsidoring section D, the 
reaction Ru tends to bend the 
length DB upwards, whilst the 
intormediato load of 10 tons 
acting at a leverage of 50 ft 
— 16 ft = 34 ft, tends to* 
hold down the length DB, and 
the B.M. at D will = Rj, x 50 
ft. - 10 tons X 34 ft. = 1 5i 
X 50 — 810 = 435 ft.-tous. 

^I1ie Beiicliiig Moment at C 
is most readily obtained from 
Ra X 20 ft = IGi X 20 = 330 
ft-tons. The same result will be obtained if calculated from the oppo- 
site end B of the beam. Thus B.M. at 0 = Rn X GO -- 10 X 44 - 16 
X 10 = 830 ft-tons as before. Plotting 330, 435 and 248 ft -tons 
beneath 0, 1) and B respectively, the B.M. diagram is obtained. 

For the S.F. diagram, the shear from A to 0 = -|-lGi tons. At 0 
it is reduced by 6 tons, giving + 16^ — 6 = -f-lOi tons, the shear from 
C to 1), From D to E, the SF. = -f lOJ - 16 = — 5^ tons, and 
from B to B, — 5.^ — 10 = *-15^ tons, which checks with the reaction 
of 154 tons at B. 

Beam supported at both Ends and carrying a uniformly distri- 
buted Load over the Whole Span.— Suppose the beam AB in Fig. 22 
to be 60 ft. span, and to carry a load of li tons per foot run. Ra and 
Rk each equal half the total load = 4 x GO x li = 45 tons. The 
tipwanl B.M. at 0 = 45 tons x 80 ft. = 1350 ft.-tons. The dowmvo/rd 
B.M. at 0 is due to the load of 45 tons, extending over OB, which may 
bo supposed concentrated at its centre of gravity distant 15 ft. from 0. 

B.M. at 0 = 45 X 30 - 45 X 15 - 675 ft.-tons. 


e /5 10 JSi/bM 
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If tho B.M. 1)0 calcultttotl for wvoml inUTmodiatu poinU 
B and 0 iu a Himikr nmanor to that atlt»pUnl for i\iv ojuitiloviT in 

1»*< plotlod vuhifH will Ixj 
h)und to ihoomolvt’H <ni h 

immbola throuj^h ubr, 

llfUfo mako rm 075 ft. Unw, ntul 
draw in half <»f thi* rurvo by 
the jiyiHniU'trieiil ineiUotl prrviouHly 
^dven. (It may Ihj nieittioiml here 
thatall for uniftmtily 

diMtrihottHl toatlrt are houadful Ify 
}mraho!ie eurvi*K,utul that «liaijrani» 
for concentrated 1 <«wIh un* {HHuaTed 
i»y Htraiglit liinH.) 'riie ahrariuji? 
foreeat eueh almtojent in 4'ijual to 
the reutiiou id 15 toon, uml <le- 
ereaaeH uniformly ti> at the 
middle of tin* Hj»an KspriHHiMl in 
jijiunTiil terniH th«‘ H,M. ut the <u*ntre 

“ > w and I havini; the Hume Hi^uitie.une<‘ an 

Beam supported at both Buds, and carrying a uniformly diHtril)uted 
Load over a Portion of the Spam— HuppoHi* the la*iim m h\y,, ‘j;; to 



Km, liJt 


bo IOC) ft. Hpan, and to ourry a loud of U>m p-r foot run over a 
length of 40 ft an imlittaieu. The reuctionH at A lunl B an* the 
same as if tlio total load were comu^ntratod at the i-i-nln* of gravity 
of the distributed load on ('!>. Total loud X t* -- >*t» toim. 
/. =-/]“!', of HO MS 4H touH, and Un - JlJi toim. I'he ItM. at M, 

supposing tli(j load to he <ton(HMitnited at M» wtmtd bn tuns 
X GO ft, w I9!s!() ft,-tou8, uu<l triangle aebt obtained by making 
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rm = 1920 ft.-tons, would be the B*M. diagram. Project 0 and D to 
c and d }*espectively._ Join c to cutting me in K Bisect eh in h cf 
and dg are the bending moments at 0 and D, whether the load be all 
concentrated at M, or distributed between 0 and D. Since the load is 
actually distributed over CD and not concentrated at M, as above 
supposed, the boundary of the required diagram from c to d will be 
a parabolic curve passing through cM» The curve is drawn by the 
same rnethod as in Fig. 16, but is oblique, instead of rectangular, as 
shown in the inset. The boundary of the diagram for the whole span 
is then ackdb. This may be verified by calculating the moments at 0* 
M,andD. Thus- ® 

B.M. at C = 48 X 20 = 9G0 ft.-tons. 
j) X 40 = 12H0 

M = 32 X 00 -- (20 ft. X 2 tons) x 10 = 1520 ft.-tons. 

These values will be found to agree with the scaled moments cfy dg^ and 
km. The shearing force from A to 0 equals the reaction at A, 48 tons. 
From 0 towards D it diminishes at the rate of 2 tons per foot, so that 
at 24 ft. from 0 the S.P. is zero. It further diminishes to -32 tons at 
1), and remains constant from D to B. The maximum B M. occurs a t 
P, 44 ft. from A, a nd vertically above where the S.F. dTag^m cuis 
the horizontal base line, and is given by the area of the shear force 
diagram between either end of the beam and point j7. 

Max. B.M. = area rect. grst -f area triangle pgt 

= 48 X 20 + i X 48 X 24 = 1630 ft.-tons, 

which should correspond with the maximum scaled moment zy. 

Note. — The following is a 
special case of the above when 
the load extends from one abut- 
ment partly over the span, 

Fig. 21. 

Taking the same span with 
a load of 2 tons per ft. run, ex- 
tending 70 ft. from A, the 
same construction applies. 

of (70 X 2) = 91 tons, 
and R„ = 140 - 91 = 49 tons. 

BM. at M, Efupposing the 
load concentrated = i9 x 05 
= 3185 ft.-tons. Make me 
= 3185 to scale. Join ae and 
le. Project D to d Join ad^ 
bisect eh in Ic and draw the 
parabola akd. 

The shearing force is + 91 
tons at A, diminishing to zero 
at P, distant 45*5 ft. from A, 
and further diminishing to - 49 tons at D, then remaining constant 
from I) to B. The maximum B.M. occurs at P, and is given by area 
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of triangle = J x i)l X which filiould corre- 

spond with the b<jiiM moment /y. 

The bonding moment on girders carrying cnuwntrali'd 1 (mu1h conmBts 


6 tOftx 



of two iJortiorm that <l«<t to 
tint tkau weiirht of tho girdtT, 
UHually luaiHuknnl an a tlinlri- 
lmU*(l lt>atl,iuj(l tlmtdiut totlio 
ooiK’outrhltul IoiuIk. Iu <irawing 
tho (liujjrani of nioiuontH, it is 
roiivfnknt lirHt to (‘ouHtnict 
Kt‘})urHt(i (lia^^rumK ft)r tlu* dis- 
1 nlmti'd and <uniwntraU‘d 
loiidn, and tin*n to inaulann 
thmn in order to ohtain tlit» 
total B.M. diaj^rain. 'riu< 
followin)^ t*xain[»U* ilhiHtratcH 
thw method. the 

e:ird(tr in o-*r> 

ton per fu(»t-run, and earrien 
comu‘ntra{4‘d loada aa indi- 
oated. 

The B.M. at Urn middle of 
the Hpan dim to the weight 
<d Hut j;irdi‘r 


- W*** _ X (10 X (10 
H * 8 


I ft.-toUH. 


Make mo » 1 ft.-toiiH to aitale, and draw the parabola tio/f, 'Flu* 
reaction at A duo to the concentrated loada nt I> and M - \'\ \ i; 
+ Jg X 12 = 0*7 toiiH. R„ = 18 - 0-7 ^ I2*:i toim. B.M. ut f) dur 
to the coiKientratcd loada alone = 5*7 X 150 -= 188*1 ft.-toiis. B M. ut 
E = 12*J5 X 15 = 181*5 fL-toiiH. AIaker^‘= 188*1, and /y/ - iHj .> f|, 
tons to the same scale ua used for mr. Join (ffyh. 

The total B.M. ut H ^ ti -f- e// r- 
„ „ I > " (i/i -P ilf lit/, 

„ „ M = me + ttdi i fiu\ 

Other points between a and r and b and p may 1 h* found Kimilarly, and 
will lie on the curved boundary lines aq, qp, and ph, whi<‘h ccnnidete the 
total B.M. diaf^ram, 

Eor the S.F. diagram, the total rea<ition at A =• 5*7 iom + 
^ 4) = *^onH, which equals the H.F* at A. From A to 1> the 
S.F, diminishes at the rate of 0*25 ton ])ftr foot, and tlmrefore 
immediately to the left of I) equals - (JJt x (1*25) « +J*115 
tons. The load at I) further reduccH it by (> tons, ho that imm(‘diattdy 
to the right of 1) the 8.F. = + *M)5 - tPO = tons* From I) 
to E It is reduced by a 12-ft. length of the distribakd load of | ton per 
ft., and immediately to left of K the R*R « -1*05 ^(li x ()‘25) 
= -4*05 tons. Immediately to right of E the H.F. =3 -4*(»5 - 12*n 
1G*05 tons, which is still further reduced botwoon B and 15 by 
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(15 X 0'26) = S‘75 tons, giving -16‘05 — 8-75 = —19-8 tons, which 
checks with the reaction at B. 

Bending Moment and Shear Force Diagrams for Balanced Canti- 
levers. — In applying the cantilever principle to bridges, one or other 
of the two arrangements in Fig. 26 is adopted. 

Fig. 26, A, shows the elevation of a cantilever bridge in which a 
single cantilever girder, GH, rests on two piers at P and Q, whilst the 
outer ends GP and HQ of the girder project beyond the piera. The 
two remaining openings KG and HL are each bridged by an indepen- 
dent girder, one end of which rests on an abutment and the other on one 
of the projecting arms of the cantilever. The condition of loading in 
this case is as shown in the lower diagram, where the ends and A 
of the projecting arms each carry a conemtraied load equal to one-half 



that oil the indojK'ndcnt girders, whilst the (lantilevcrgirdor (III further 
Hiijiports its own weight togetliei witli tlio live load placed upon it. 

Ill Fig 2(), B, two eantileier girders ('!) and MF arc employed, 
ciuih supported at the centre hy piers I* and The ociitnil opening 
1)E is bridged over by an independent girder resting on the cantilever 
anus at 1) and E. 'riie tcndeiiey of the weight of this central girder to 
overbalance, the. cuntih'vers is eountenveted by suitable balance weights 
or “ kentledge ” a)i])lied at the. ends (’ and F. Thocondition of loading 
of the cantilevei's (M) and Mb’ is then as shown in the lower diagram, 
where the urins d and e I'ach (uirry one-half of the weight W of the 
cimtral girder I)E, and Ihc opposite arms c and / each carry a similar 
amount of balance weight. 

'I'lie method of drawing the B.M. and S.F. diagrams for the 
cantilever in cuso A is as lollows. In this example the dead load 
alone will be considered. Hiqiposo tne bridge to have tho dimensions 
indicated in Fig. 2li, A, and the dead load to be 2 tons per foot run. 
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The weight of one of the (letiwilicd h|miiik KO or H Ij m .'Um x 2 = 600 
tons. One half this weight is conoontratetl o» eiicU oiut <f uiiti il <tf 
the oantilovor, whilst the whole longtlj of «2i) ft. is furthtT loaded witli 
2 tons per foot ran. 

In Fig. 27 the B.M. at P ami Q dm* to l.li(! eoiiccntnitwl loads 
alone == aoo x ICO » 4«,0()o ft,-toiiH. Hti ofl’/v mid (/.■» ouoli = 
ft.-tons to scale. 'Fhe 11.M. at P uml Q <liu) to the distrilmti'd loud on 
the overhanging arms (IP and (J[ll - ( ICO x 2) x Hit ft. ~ 2.'i,C00 ft.- 
tons. Sot off pa and qt> eaeh = 2 ,f|,coo ft. tons to the suim* scule as pr 
and qs. Sinee both tiiese iiioiaentH are acting simultaneously, the two 
diagrams ///«« and ffpr rciiuirc coiultining in the same manner as in Fig. 
26, by adding together their vertieivl depths at several points. The 



curve gt is the result, and the curve /m will 1 k' similar. The total 
moment at P or Q = -■lH,<i(iO -ofaCtHi = -7iM''<'ii ft.-t<ms =t pf. 
The total load on the girder (III = Him + Him -P (K20 x 2) ~ 22 In 
tons. Since this load is syinmetrically disitosed, ime-lmlf or n2i> tons 
will bo borne by each of the piers P amt Q. ('onsideriiig the right- 
hand half MU, the upward reaction at Q =• 11211 tons. To obtain tlm 
B.M. at M the middle of the simii, take moments about M. 'rim 
downward acting moments = HOC tons x 4Iii ft. = 12H,lKm ft-Ums due 
to the concentrated load at II 4- (4 in x 2) tons x 2tir» ft. (the ilistance 
of the o.g. of the distributed load on MH, from M) » 2!U,l(mft.-toU8. 
The upward acting moment = I Pin tons x 2rm ft. « ft.-ton8. 

'I’ho downward acting moment being the greater, the resultant luomont 
at M =s — 201,100 -p 280,000 sa — 11,100 ft.-touB. ikt off mil -a 
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11,100 ft.4ons, below the horizontal (since negative), and draw a parabola 
through points n, and v. The complete B.M. diagram for the 
cantilever is then the figure gtuvh, the moments being measured 
vertically below gh. 

The S.P. immediately to the right of G is - 300 tons. From 6 to 
P a further downward load of (ICO x 2) tons is to be subtracted, 
giving —BOO - 320 = - 620 tons immediately to the left of pier P. 
At P an upward force of + 1120 tons is applied, giving - 620 + 1120 
= + 500 tons immediately to the right of P. Between P and M this 
is gradually diminished by the downward acting load of (250 x 2) tons, 
giving + 500 — 500 == 0 at M. Similarly the shearing force falls to 
- 500 tons immediately to the left of Q, becomes - 500 + 1120 



= + ()2() tons to tlio riglit of Q, and falls to + 020 — 320 = + 300 
Lons immediately to the left of II, finally becoming = + 300 - 3oo = o, 
at II, the point of application of the concentrated load of 300 tons. 
Note that the area cdkf q[ the shear-force diagram between the fr(‘.c end 
of the girder and the section over the pier equals the H.M. at J'. 

Thus area ciUf ^ 300 x 160 = 48,000 ft -tons, 

area efk = 320 X = 25,600 „ 

giving area cdkf=^ 73,600 ft.-tons, the value previously deduced for the 
B.M. at P. 

Considering next the cantilevers in Fig. 26, B, their outline is 
reproduced in Fig. 28. Suppose the bridge to carry a dead load of 
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4 loHH por foot run. Thu wc-ight <»f thn runtnil winter » i>o<) x 4 
K 800 tons. One-half tluH <*** H|>i)lio(l hh a con- 

ceufcratod load at I) and H, and will rci|uin* a Imlaiudn^ wcii'ht or 
downward pull applied by incaim of utichor tica at eiu:li of the pt)int8 
0 and k 

The JhM. at V due to thin con<!cnt rated load of *(Oo toun ^ .|oo x 
400' s= 1 00,000 ft.-toim. HcitofT///*^ lt»o,oo(^ ft.-touH and join rr ami 
dr. The distributed load between (5 and V — loo x I - lOoo 
and itfl moment about P eoimidt'Hnj' it eoneentratiMt at itHr,//., lmio ft, 
from V = lOOO X 1^00 =:;t:fo,oooft.-tonH. Si*t oir/^H Uiu^ooo ft-tonH, 
and draw the Homi-paraboliw ah amh/^t. (^>mbinin>; the two diaKramn 
afl before, the reHulting curvea are nn and dm, 'I'he niuximum H.M. at 
l>«^r 4 .jf;«»l()(),iKH)+;'l«<M»oo»*lHO,o<m fl.-toim of tuyuttvff nnunent. 
A similar dlajj^rum <//4 will, of couwe, tdilain ft»r the <’untilever HF, Fiir 
the shoarinfj force, the total load on one pier lo(» (ludanee wei^dd) 
+ (800 X 4) dintrilmted weif«;ht 4- 400 (lmlf-weie:ht «»f detarbed Hpuii) 
ss 4000 tons » the upward reaction at F. lleluw net off — Mh) 
toiiH. Between ( J and l*u further downward acting' loud of (loo x 1) 
tons gives a total negative nhear of - li»o - l(»oo tonn. The 

upward reaction of + 4000 tona etmverlH ihia to 4 l'ooo Iouh, which 
again diininishoH to -f 400 toiw at IK 

Cantilever Girder with Unsymmetrical Load. - Taking the dimen- 
sions of the cantilever bridge in Fig. A, huppose the ri'ditdiaud 
half of the bridge to earry an additional uniformly distributed loud (»|* 
2 tons per foot run. '’I'liiH woultl correspond fairly elusely with the ease 
of two trains extending from the midille point M to tin* right hand 
abutment. The lefl.-hand detached apan Ktl weighs tUio unin as brfore, 
so that the end(l of the arm Ptl carries a eoneentraled loud of .Jon 
tons. The right-hand detached span lll^, together with its additijmal 
load of 2 tons por ft. run, now weiglm imio tons, so that tbt* rud II of 
the arm (ill carricH a concentrated load of Uoo tons. The <Mntdr\er 
girder (III also (‘arries a b»ad of 2 tons per foot run fnun tl t(» M, ami a 
load of 4 tons per foot run from M to H. 4’heKe loads are indicated in 
Fig. 20. The loading Ixung uuHyminctrical, the reiu’tions at V and i) 
will no longer be eijual. To obtain the reaetion at take unJiiaMits 
about the point P. 

R^XbOO'-bilOOX lOoM-il-'OXHO' -oOOxI2«V f UOli xDliir j liWo 

from which Ry = 22()2'2 tons. The total load on the nmhltrtf ;;on 
4" 000 4- (410 X 2) + { 4 10 X 4) IVMU) ions. 

Reaction K|. -“5 ;mt»0 - 22U2’2 -* loU7'H tons. 

The B.M. at P due to the concentrated load of itoo tons at <# 
S5 }!()() X KJO' =s 48,000 ft.-tons. Set off ///■ .iH,oiio ft.-tons and 
ioiup\ The B.M, at 1* due to the distrilmted load of 2 tons pt*r foot 
extending over the arm (iP = 220 x 80' as 2;>,at)0 ft.* tons. Met off 
=5 2r),()00 ft.-tona and draw the Hemi-paralnda t/tt, (hnubining //// 
and<7r the resultant curve //^ is obtained, the negative moment at the 
■pier r being = pa + pr or 2r»,m)0 4- 4 h,ooo :s* 7Jkmm ft.' tons. 
This portion of the diagram is identuial with that in Fig. 27, wince 
the loading on the arm PG has not been altered. 
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Proceeding similarly for the arm QH, the B.M. at Q due to the 
concentrated load of 600 tons at H = GOO X 160' = 96,000 ft.-tons. 
This is set oft to scale at qs and hs joined. The B.M. at Q due 
to the distributed load of 4 tons per foot run extending from Q to 
H = 640 X 80' = 51,200 ft.-tons. This is set off to scale at qi, and 
the semi-parabola drawn from i to h. Combining M and hs, the 
curve hv is obtained, the negative moment at the pier Q being 
= qb + qs = qv, or 96,000 4- 51,200 = 147,200 ft-tons. The moments 
between P and Q will be represented by a parabolic curve from t to v. 





■i 
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If the position of the point n on this curve, midway between P and 
Q, be determined, the jiarabola may be drawn geometrically through 
points it, w, and v. The B.M. at M, calculating from the Iclt-liaiid side, 
= - fooo X •! 10' -f- 8110 X 20.V) acting downwards -f 1097 8 X 
(the moment of lip acting upwards) = - 16,650 it -tons iieyaties 
moment. Set olT m)i= 16,650 ft.-tons and draw the parabola fwi-. 
I’lic comnlote diagram of moments is then bounded by yfiw/i. JNote 
that if the moment at M had been positivi', mn would have been set 
off above the borisoutal qh, and the parabola Inv would cut gh and 
projccL above it. 
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The sheariuK foruo «t <1 =* *■ l«>iw 

immediately to left of F « -■ .'Hio - (Kio x a) - Oj! 0 ton* 

„ riKht of F « - tt2(J -i « + 477*« 

at M - r ■177'M - (2.W X 2) - 22'2 „ 

„ luftofQ - 22-2 - X U 1022-2 ,, 

„ right of Q -- IU22 2 I 22fi2-2 • t 124(1 „ 

luid ut 11 + 12(0 - (Kill X I) h (500 „ 

which agrees with the coiiceiitratwl loud iit tin- i-iul of the arm QII. 
The maximum nogutive moim-nU otimr at tin* jjhtk whiTo iho Hhuar 
force (Uugrum crossoa tlw iiorixontal line. The tiunimim negative 
moment between F ami (i ooenro ut X, vertieully over the (.nint where 
the shear forue diagram croHseH tlje hi»riy.oiit:il u little to the left of M, 
and equals xi/ to seule. Ita value umy hIko Ih> nliiuineil friuu the urea 
of the shear foreo diagram hetwwm U utul X. TIoih l*X sealed or 
calculated from the B.K. diimmm 2.tH-l) feet. Then 


Negative area from (1 to F (dotteilshmliiigi -• - J, x Kin 

T.l.r.oo ft.-tous. 

Positive area from F to X (full Hlmdingi t 4 x 177-s x 2:iK-tl 

’ •'i7,o7Jt‘2 ft.-tous. 

A Minimum negative itiotiieiil at X ■ ".'t.iioo | .'i7,o7;i'2 

- * • I Ii,.’t2li-K ft.-toIlH. 

Bending Moment and Shearing Force Diagrams for Rolling Loads. 
—The following simple oases of rolling lomis will illusiratc tin- mi thoils 
of drawing the B.M. and S.F. diagruins for eoneeiitrufiil Iou<Ik vUiieli, 
rollinif over a sjmui, HUouitHsivoly oeeiipy a mtiiilsT of liilf. ifiit iiosiiions 
upon it. Such casus ocitur when a liK'omotive erosses a liiiiler, oi a 
crane traveller moves from one ismition to unother on tin- ennif ('inicrs. 
The concoutralcinomlH are the weights sn|iiKirleii hy tin* v.inous axlfs 
and wheels. The intervals betwiMin tin* loailsri'iiiaini'iiUHtiint.ilt'iH'nili'iti 
upon the design of the hsiomoUve or erane, ele. 'I’he irtutiitriil of 
rolling loads will he host umlerstooil hy eonsiilering JirsI tli'- I’.er of a 
single ooncentratod loud rolling over a sjian. 

at both Ends and carrying a Single (hm centra ted 
Rolling Load. -Sujijwise the lK*am in Fig. .’(o to he i;ii fi i-i Ki>.iti, uml 
the load 6 tons. Divido the span into, say, si\ eiitml luierviils of 
10 feet, by hnes f, II, III, I\, V. These indieate live hueiMssivi' 
wsitions of the load, and hy eaUadatiiig tile for eaeli position, 
five values wjll bo obtained, whieh Is-ing plotU-d and eoim.-elfil hv a 
curve, will give a diagram showing the B.M. for all iulernieilmte 
positions of the load. 'I’lms 


Load at I, R* = ft tons, and B.M. at I is fi x li' a .’lO ft.-tons. 

tj^/r J'®. 'R 1 ■“ I' on tim B.M. diagram, ami «17/ is the 

B.M. dmgrain for the loud standing at posit iim 1 on tlio heutii. - Load 

f O' “r 'I'l = •' X => «<* n.-ions. Fiot 

2 — 2 =80 ft-touSs luoad at III *'**‘*^ * *** 
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B.M. at ly = 2 X 40 = 80 ft.-tons, plotted at 4 — 4'. Load at Y, 
Ra = 1 ton. B.M. at V = 1 X 50 = 50 ft,4ons, plotted at 5 - 5'. 

The curve connecting these five points and the ends of the span 
includes all the possible B.M. diagrams for the load occupying awy 
position on the span, and its height above the base line al at any point 
therefore gives the B.M. at the instant the rolling load passes that 
particular point. The curve is a parabola, so that it is only necessary 
to calculate the B.M. 3-3' when the load is at the centre, and then 
draw in a parabola through the points The trimgular diagram 


II III IV V 



is obviously the same as that for a load at rest on the centre of a 
beam, us in Fig. 17, and the height 3 - 3' of the parabola in this case 

IS therefore e(iaal to y* The parabola here is not to be confused with 

the parabola showing the B.M. for a diatrhbuled load at rest Here, the 
parabola is the enclosing curve of a large number of individual triangular 
(Uagrains, and has no connexion whatever with the diagram for a 
distributed load. 

'riie shearing force diagram is shown in the lower figure. With 
the load immediately to the right of point A, the whole 6 tons is 
earned by tlio abutment A, giving a shear of + 6 tons at A, and nothing 
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at B. With the load at f, the kIuw at A etjuala the roaotion of 6 tom, 
and at B it equals -> 1 tun, tliu iliiqtmiit fur Uiis jKMiilion iioiiig indioated 
by the thin full line* With the haul at II, the Hhuar at A ■■ + 4 tons, 
and at B a ~ Si tuns, itulieutud Ity the Uiiif^'ihitted liiie. At [Hmitioii III, 
the shear at A a + it tons, am! at It, ~ it t«»iiH, the tliutcrimi being 
shown by thf! heavy full line. With the loml at IV' the shear diaffram 
is as shown by the ohaiu-ilottetl line, and at V by the short-dotted 
lino. The linos (ll> and Ml*', eneloHini; ail the {lossible shear diu((rams 
as the load ohanj^es its jKisition, >?!'''• the nuaimnin tsisitive and 
negative shearing foram for every {swition of the I«»ud. Tim shearing 
forces are soaletl off abovpwhutmo the luirizoiital base line MI) aeejtnling 
as the shear to lift or /m/A/ of the load is reiinin-d, aiui nut by H{!aiiii(( 
the diatanoe between 01) and MI*’, which is of amrse everywhere 0 (|m»l 
to G tons. 

The following distinction Is-tween 1J.M. and H.K. diagranm for 
stationaiy and rolling loiwls should be earefully iH>t<>il. Mur a stationary 
load the diagrams indicate the B.M. and H.V, evistiiig simtiltaneously 
at ovorv point along the beam due to the |iar(.ieului' {siHitiitii of tlio 
loud, which position is is-nuanenf . The rolling load diagrams are in 
every case onvoloping diagrams, such that the partietil.ir It. .VI. or S,K. 
diagram oonsuipumt up m auy s{M!cilU!d ]iiMitioa of the rolling iimd muy 
bo readily obtained from them by jirojeetion. 'I’lum in Kig. ;io, tint 
parabola «T2'.'t'l'r)'A does not mean tiiat luomeiits -- 1 — 1', g — g', 
8 - etc., exist simultaneously, but that wln-n the loud is in imsitioii 
I, the bonding moment at section 1 -1-1', at seetion II . - rJ, at 
section III = s:), and at suction IV -- ml. .Similarly when tin- loud is 
in position IV, the It.M. at seetion IV ■- I - I', but at seeiimi 11 tlie 
B.M. s= riftw/ g — g'. With loail at V, the H.,\I. at seetion V’ — r>', 
and at section 111 == -’G. With reganl to tin* shearing foree, wlien the 
load is in position IV, tlie shi'aring fonsi diagram is as hIhuvo by tiin 
chain-dotted lino, obtainml by projecting poini IV on (o tin- lines Ci) 
and EM, and ruling in the liorizimtals throiigli } g and -1. Thus 
for this posibiou of the loiwl the shear from A (o IV is ei.nstant and 
=r -f 2 tons, whilst from IV' to U it is constant ami ~ I tons. 

In order to aseortaiu the B.III. at iiiii/ point on a be, mi due to a 
concentrated rolling loml at any uf/ti'r point, the following simple 
method obtains. Huppo.He, in Mig. Jto, the loml to 1m' at position iV^, 
and tho_ B.M. is required at II and III. Project point IV on to the 
enveloping jiarabola, and join •(' to it, cutting vertieals through 11 and 
and III in r and n. The vertical heights gr and :!/• give the iviiuircd 
momente at sections II and 111 respectively. The iqiplieatiim of this 
method will bo nocassary in constructing Urn diagrams for two or more 
rolling loads. 

Beam supported at both Ends and carrying Two Unequal Con- 
oentrated Bolling Loads at a Constant Distanoo apart. .Suptaise the 
beam m lug. 81 to bo .'ll) feet sjian, the loads ft tons and In tons 
separated by a distance of 10 feet, and that tlii-y roll over the spun 
froin lofb to right with the 5 ton lotwl letMluig. Much a ciMKi rtiprewdute, 
for uistanco, fcho mssago of a 15-ton tnwition etigino ovor a 50-foot «|)an. 
Uousider tho loads as occupying a number of succosaivo positionas In 
the liguro, ten positions distant 5 feet apart have boon taken* 




k--4 


Fin, 31. 

to trace out tbe bcndiiijj: moments which occur beneath each load, two 
distinct curves being obtained, an inspection of which at once indicates 
the positions of the loads wliich fi^ivo rise to the maximum moments, 
as also the value of the moments. First draw the two parabolas acl 
and reprosentinj^ the moments due to each load rolling over the 

10 X 50 

\ppan separately. For the 10 tons load, me = — j — = 125 ft. -tons, 

5 X 50 • 

and for the 5 tons load — = G2ift.-tons. Next consider the 
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loads approaching the apan fruiu the left hand. The 5 tuna load rolls 
over the first interval of lo ft. Ixiforo thu lo tons loud roaohes the 
span. The arc thoreforu eouHtitutos the curve of inumoiits under 
the smaller axle for thu interval A il. Ah the smaller load (auscs 
beyond section I^tho larger load ulso rulls uii to the spun and <»naes 
additional B.M. at the seoLioti occupied hv the snaaller loiul. When 
the smaller load is at section lll« the U.Al. at III due to its otni 
weight = «8. The larger Uiad is then at seetion I, l(i ft. Isthind, Here, 
it alone creates a auomunt » /J/. .Joining// to A the heiglit eh cut off 
on the vertical throngli III (the laosition of tin* leading loail) gives the 
additional moment at suction Ui dtiu to the to tons load at Ht*etion 1, 
Tho total moment at section ill due to /W/i loads llieii ** e.’t -p 
Making 8A = eh, ek represents this hital inomeut, and tin* curve is 
sketched from 2 to A. When the smaller loml arrives at seel itm IV, 
the moment duo to its own weight alone sot. 'I'he moment at 
section II, ton feet bolnnd, <iue to the larger load = In. .ioiiiing n to 
b, tho height «1 e.ut off on the vertieal through l\' gives tie* iwiditional 
moment at IV duo to tho 10 tons load at 11. Making l/< « (, /i gives 

another point on tlio e.nrvo. Ili*|M‘ating the i*onslr(ietiiiii lor tlio 
imaining suctions, mU s moment due to Ktuuller load at \\ ami an/ tini 
additional moment at V due to larger load at III. .Vditing /n.’iand m//, 

J oint r is obtained, ami so on. The curve ni'/i/wA slioa n hy tin* heavy 
otted lino iudicittus the bunding uiomenU which nceur under tie* 
smaller load during thu complete truusitof hith the loads acnml In* sjuin. 

A similar eunstruction is now madtt for aHcertainin*' tlie moments 
which occur under tho larger load. If the loiwls 1 m* assumed to run 
hack over tho 8p.m from right to left, the larger one leading, the 
construotiottis identical, but is workisl in the revers** diicetioii. Thus 
for the first 10 ft. from B to Vlll, only the lo lous loud is on tie* 
span, and tho curve from b to n gives its moments. When the lar"’i'r 
load arrives at VII, its own moment .= /« and tie* moment ol the 
smaller load at IX = »>!1. .Joining ‘.I to u, tw is Urn mldii lonal moment 
at VII duo to tho smaller load at IX, whieh l«*im; added to tu at «/ 
gives another point along the curve from s. l£(*iM*ating the constrne- 
tion, tho curve buym, shown hy the heavy full line, imlieal<'s the 
bending moments mid(>r l.lu! lioavier load ilur’iiig tie* tnnisii of the two 
loads. Tho two curves intersect at H, and it is at one** seen that tlm 
maximum moment occurs under Urn lo Ions load from u to K ; Imt from 
E to b, the greater moments oeeur umlcr the f> tons loud ai sho,ui l»y 
tho dotted eurvu from M to b falling oulsido the full etirve E.'./i. 'Phi* 
compicto curve of maximum moments is therefore If I lie loads 

are free to i«ish over the H|Mm in the reverse direetion, lliiu is from left 
to right with tho kiyer load lending, the curve mWi wouhl be revi*i'sed 
left for riglit, when the braneh to the right of the centre Urn* wM 
would be similar to the left-hand braneh rt*M, This will gcucndly 
be the ease in prautiee. 

If the two loads ho addwl together and conHidorud us a Hingla 
concentrated load of 15 tons, the outermost curve «!,?< would represent 
tho bending niomonts duo to such a load roHing over the H|iaH. Its 

central height wLss -'as 1H7J ft.-toim. The height <»f this 
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curve will not greatly exceed the height P« of the actual curve of 
moments, provided the distance between the two loads is small compared 
with the span. In that case the curve aU> is sometimes substituted 
for the real curve of moments having two halves each similar 
to a 2 ?M. 

The S.F. diagrams are drawn in the lower figure corresponding to 
the positions II, lY, YI, YIII and B of the smaller load, the same 
type of line being employed as used for the circles denoting the 
positions of the loads in the upper figure. With the larger load at A 
and the smaller at II, the reaction and therefore the shear at A = 10 
ions-^tf^of 5 tons = + 14 tons. The S.P. diagram for this position 
is inoficated by the chain-dotted lines. HP = -f- 14 tons, which 
immediately to the right of A is reduced by 10 tons, giving + 4 tons, 
which remains constant between A and IL At II the shear is further 
reduced by 5 tons, giving + 4 — 5 = — 1 ton, which remains constant 
from II to B. The other diagrams will be readily traced, remembering 
that the shear at A is, in every case, equal to the reaction at -the 
support due to any position of the loads. Thus taking smaller load at 
YIII and larger at YI, indicated by the heavy line, the shear at A 
= Hy of 10 tons + ^ of 5 tons = + 5 tons, which is constant from A to 
VI, then reduced by 10 tons, giving — 5 tons up to YIII, where it is 
again reduced by 5 tons, giving - 10 tons from YIII to B. The lines 
FRG and HSK enclosing all the possible shear diagrams complete the 
figure. It should be noticed that the boundary lines are broken at R 
and S distant 10 ft. or the load interval from the ends of the span. 
Also that if KS and FR be produced to meet the horizontal base line 
HG in points 0 and D respectively, the points 0 and D fall at distances 
of 6f and ^ ft. respectively from H and G. These distances are the 
segments into which the load interval of 10 ft. is divided by the centre 
of gravity of the two loads, and the loads are indicated by circles in 
the lower figure, in positions for projecting the points C and D on to 
the base line. It will be seen the loads are in the reverse position to 
that in which tluiy were supposed to cross the span. The shear force 
iliagram may be expeditiously drawn by setting oil the reactions HF 
and (IK, placing the loads in the positions indicated and projecting the 
centros of gravity X and Y to 0 and I) respectively. Jiy joining FI) 
and R(x, KC and SU, the complete diagram is obtained without 
drawing the individual shear diagrams. The end shears are unequal, 
being -f 11 and -13 tons, since the loads are unequal. If, however, 
the loads may cross the span in the reverse order, the shear force 
diagram would be inverted. In such a case, which commonly occurs in 
practice, the larger portion of the shear diagram— here, the upper 
portion — would be employed on each side of the horizontal base line HQ. 

If X and Y be projected to T and W on the base line ab of the 
B.M. diagram, these points coincide with the ends of the parabolas 
aWff and TEZ). The vertical centre lines of these parabolas, on which 
the maximum moments under each load are measured, arcthercfoie 
displaced ft. and 3] ft. respectively to left and right of the centre 
line of the span. The maximum moment under the 10 tons load 
= Vs = 103*3 ft.-tons and under the 5 tons load = QJ = 140*3 
ft.-tons. 
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Beam supported at Both Buds and oarryinf Two Bqnal Don. 
oentrated Rolling Loads at a Constant Distance Apart.' This is s 
special caso of tho lust example. In Fiy;. !i2 a spait uf f>(i fiwt is 
with two equal loads of 10 tons (Mudi, liy a (listunco of 20 foot, 

Tho coustruebion is similar to that iu Fig. :tl. Tim {Htrubula aei is 

first drawn having mr = -•* ^ *'* = lafl ft.«lou.s. 'I'liis ai-rvus for both 



as. 


loads, since they are equal, uiul takcH thts phua* of (’iirvi''t «.*>// and iti'b 
m Fig. !il. Assuming the loads to roll over from left to right, the 
curve «•! gives tho iiiomentH under the hauling lowl Iwforc llm following 
load comes oil to the span. With leiulttig load at m and follow- 
Joatl at tho iulditioaal xnouiuiiit a t/ifi a uiviiiif tho toUd 
inonioiil =5w/ Other points </, 4, ami /c are nbUiined aimihirlV, atul 
tiui curvo aUfkh ^rivcs tho maximum moments under tho hiuliritf load. 
I lie curve giving tho moments under tho following loud, will be 
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similar and equal since the loads are equal. The total moments for 
either direction of transit are given by the curve alnfgTcl, The outer- 
most curve alib, having mL = — = 250 ft.-tons, indicates the 

moments which would result from adding the two loads, and treating 
them as a single concentrated load of 20 tons, which in this case 
would be inadmissible, since mL greatly exceeds the actual maximum 
bending moment, rn or = 160 ft.-tonB. This is due to the load 
interval of 20 feet being so large relatively to the span. For the 
shearing force diagram, the maximum end shears will occur when one 
load is just over the abutment, and the other slightly more than 20 feet 
along the span, so that FH and 6K each = 10 tons + of 10 tons 
= 16 tons. Placing the loads in the extreme positions, with centres of 
gravity at X and Y, points C and D are obtained by projection and the 
boundaries FEG and HSK of the shear force diagram determined. 
Note that if GE and HS be produced to the opposite abutments, they 
cut off heights representing +10 and —10 tons respectively. 

The preceding method becomes very tedious if the number of axle 
loads exceeds four or five, and the following construction is applicable 
to any number of concentrated loads, or to a system of concentrated 
and distributed loads combined. Fig. 33 shows the application of the 
method to the case of the Atlantic engine and tender, indicated by the 
axle loads in Fig. 33, rolling over a span of GO feet. AB represents 
the span of 60 feet, and tu^ , . . the positions of the axle 
loads when the engine is standmg with the leading bogie axle over the 
right-hand abutment K Multiplying each load by its distance from A, 
the following moments are obtained ; — 


Wi X GO feet 0 
X 53 „ 0 
it\ X 48 „ () 
l(\^ X 4 1 „ 8 

^^5 X 33 „ 8 
X 21 „ 7 
X 18 „ 1 
^^hXII „ 7 


= 8*5 X 60 = 

= 8T) X 53-75 = 
= 18 X 48*5 = 
= 18 X 41 G(> = 
= 13 X 33*GG = 
= 11-5 X 2P58 = 
= 1 1*5 X 18*08 = 
= 15 X 11*58 = 


510 

ft.-tons 

= Aa 

45G*8 


= ad 

873 


= be 

750 


= rd 

437 G 


= de 

282-7 


= 0/’ 

2G2-2 



173*7 


= gh 


These values arc set o(T to any convenient scale on the vertical line 
All and hB joined. The total length Ah represents the upward 
moment about A, of the reaction at B, due to all the loads in the 
position indicated. Ooiiseqnontly, any intermediate ordinate as hi 
represents the moment of the reaction at B about the point h Next, 
join aB, project to m on aB and join Vnu Project u\ to n on bm 
and join 67 Z, and to o on cn and join do. Repeating this construction 
until the last load has been utilized, the broken line Bmnopqrsh is 
obtained, which is such that the vertical ordinates intercepted between 
it and the base line hB give the bending moments at any point of the 
span for the axle loads in the given position. This may be proved 
as follows : — 

Ah = total reaction at B X AB, .*. = Ru X Bx^ since triangles 

BAh and Bxt are similar. 
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Aa = X AB, /. xm = u\ x Ba?, since triangles BAt? and Baim 
^re similar. 

But 7W^ = m = Rb X Baj (upward moment) — x Ba? (down- 
ward moment) = bending moment at section x. 

Similarly at any section U = upward moment Eb X B*> and 
Icq = sum of downward moments of Wi^ ... about i, whence 
kl Icq =1 ql ss: bending moment at Tc. 

The moments under each axle for this position of the loads are 
transferred to the horizontal base line XY in Fig. 34, being indicated 
by the full line. (The vertical scale of moments for Fig. 34 is twice 
that of Fig. 38.) If now the loads be supposed to roll backward from 
B towards A, or what amounts to the same thing, the span AB be 
supposed to move forward towards the right, the loads meantime 
remaining stationary, a new position AiBi of the span may be assumed 
10 feet (or other convenient distance) in advance of AB. The vertical 
ordinates between Aisr/^pmwBBi and the new base line AiBx now give 
the bending moments under the various axles for this new position of 
the loads. These are also transferred to the common base line XT, 
being indicated by the single chain-dotted lino corresponding with 
AiBi. Other positions of the span, AqB.,, AgBs . . . AcBb, each 10 feet 
in advance of the preceding one, are taken, and the bending moments 
transferred to XY, Pig. 34, the resulting moment diagrams being 
indicated by similar lining to that adopted for the corresponding base 
lines in Fig. 33. By moving the span to the left of the loads it may 
readily be ascertained if any greater moments are created than those 
already plotted in Pig. 34. In this case no greater moments occur 
than those plotted, and the maximum moments are those indicated by 
the outer limits of the overlapping diagrams of Fig. 34. If an envelop- 
ing parabola XLY bo drawn just including these diagrams, such a 
parabola will constitute the B.M. diagram due to a certain distributed 
load of w tons per foot run which may bo substituted for the actual axle 
loads considered. The central height LM of this parabola scales 900 
ft.-toiiy. 


Jlciice 

o 


ir X ()0 X 00 _ 


w = 2 tons. 


That is, tlie equivalent distributed loud for cliis type of locomotive for 
a span of 00 feet is 2 tons per foot run. 

The ecpiivalent distributed load wliich will create at least the same 
shearing foive as the concentrated axle loads when placed many position 
on the span will be somewhat higher than that deduced from the 
bending moments Since, however, tlic shear force diagram for any 
position of the axles is simply coiistruoted, the maximum shear at any 
point of the siian is easily obtained after one or two tiials. 

When the load consists of a number of concentrated axle loads 
followed by a distributed load of given intensity, the following 
modification of the construction in Fig. 33 is to be observed. 

In Fig. 35 four axle loads of IC tons each are followed, after a 
10 feet interval, by a distributed load of I'G tons per foot run, the span 
being 50 feet. Placing the leading axle over B, the preceding con- 
struction is repeated, but the distributed load is first treated as a load 
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of 26 X I'C =* 40 tons, conooutmteil at its cuiitro of jjravity, 12’6 feet 
from A. Tho romiltinK U.M. diagram is tli«m iM ... It. Project 
0 to c on bil, and join w. Hiiuai tin; loud IwtWfcu A and <! is actually 
diatribntod, bisect be in m, ami draw in a i-uralMilw uri! ihrouKli avie. 
The ro(iuirod B.M. diagram is thon aim'll . . . B, which is utilized 
after tho manner of Pljf. !t», for <lctcriuitiin>{ ihc varying' Hioraeote 
as tho loads roll back from B Uivvanls A. 'I’lut rcmitindcr of the 
constraotiou boinj? similar to tliat of the last i'.\aiiiiitc is here <»mitU‘d. 



Beam supported at both Suds, and carryinp^ a uniformly dis- 
tiibuted Rolling Load. -This case is one which occui'n very frci|ucni,ly 
in practice, oornispoiidiiifr closely witli that of the piwsui'c of u train 
over a bridge span. A widely followed moiie of proei'dure in such 
cases is to HuiMlitiite for the netiml loads on the ditIVrent ii.\l>-s of tin* 
train, a uniform loml per foot run suflieienLly large to eimse ui li-ast the 
same bonding moimmts at every point of tlie span us would lie emised 
by tlie o<)noontrate(l axle loads. 'I'his materially reduces the labour 
involved in drawing out the eurvtts of numients by the method just 
described, by substituting on« jiaraliola enveloping the He\erul curves 
obtained by the former eonstruetion. 

In Fig. !J(!, a span of .'iO feet is taken with a load of one ton iht 
foot ran advancing over tho spiin from left to right. When tlm 
load covers tho length A-I, the B..M. diagram is «l/i. As the loud 
Buccossivoly covers the lengths A II, imd A-IV, the corre- 

sponding moment diagrams arc mUi, and alb. These diagrams 
aro obtained by tho method shown in Fig, 24. When tlio load 
covers tlie whole span from A to B, the B.M. diagram luicomei 
tho parabola acb, having a coutrul height mc i X 1 x fin x 00 
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= 312-5 ft.-tons. The bending moment therefore gradually increases 
as the load advances and the maximum moments occur when the span 
is fully loaded, their value then being the same as for a stationary load 
of the same intensity covering the whole span. The B.M. remains 
constant so long as the moving load covers the whole span, but 
gradually diminishes as the tail end of the load rolls off towards B. 

With AI only covered by the load (10 tons), the reactions at A 



Fia. 3G. 

and B arc respectively \) tons and I ton, and the shear force diagram 
is obtained by drawing a horizontal through —1 as far as vertical 
section 1, and then an inclined line upwards to + 9. (See Fig. 24.) 
In the upper figure the sectional shading showing the positions to 
which the head of the load has advanced is drawn in distinctive lines 
corresponding with those representing the B.M. and S.F. for those 
positions. With load from A to II (20 Ions), the reactions at A and B 
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are respectively 10 and -1 tons, and iUe cum»H|Juiulinj( H,F. diagram U 
shown by the horizontal through - 4, ami inclinod liau to + ic, 
The three remaining diagrama from - 0 t<» + *1, - H] to + 24, and 
— 25 to + will readily bo trucetl from tlia roimtiauH in a Hiiuilar 
manner* The curve PS enveloping these live diugraam will iimlude all 
otW possible shear diagrams for any intermediate poHitiiats of the load 
Its outline is a semi-parabola touching tlu* bant* line lit at l\ HiiitHi the 
depths 1, 4, 9, KJ, and 25 at equal horizoatul intervals <*<iiml tlte 
squares of the numbers I, 2, 2, 4, 5. A Hiiailur enrve, Qll, imlieateH 
the shearing force os the tail end of the load rolls of the span from A 
to B, or as the load rolls on, to the spaa from H towanls A, 'I'lie four 
intermediate diagrams in this cose are omittisl U >vill ist stHui that 
the shearing fon^e diagram may Isi rapidly ilrawn by Hi'ttiag <i(r PQ 
and ES, eack equal to half the totid loml requiretl to <'ovrr the wle»le 
span, and inserting the sembparabolas PH and Qlt by the geometrical 
method* 

Continuous Beams*- -A lieam or ginler is said to be <‘oatiammR 
when it bridges over more than one span, and rt^stn un one or more 
intermediate supports in additiiui to the twt> i iid suppm•l^. A et>ti- 
tinuous beam bends in the manner shown in l*’ig* ;;7. Friun .V to u 
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a 



corlaiu point P, tlte upper surface is e<meave ami in eorapressiou uliilHt 
the lower surface is convex and in tension, Fnaa P to <,> (la- oui- 
vature and heading are reviTsed, the upper portion Im-iu ^ in t»-uHi«»n 
and the lower in compression. At another n*verhal of bemlnu^ takes 
place, with a corresponding (dimige in the elmrueii-r of fin- .‘-tivsses. 
The points P ami Q arc known as pninlH vf cuntnHltjitrv, mid jit ties** 
points the bmiiiniJ mmnmt in nathhuf. The pohition of these pdinH 
depends on the cliiinicter of the loading iiml seetion of hemn. 'Ihe 
continuous beam A( Mi is wiuivalent to a syKiem of luo himpk- iMUiaH 
ap and qb, and a cantilever pq, us imlicated in the louer the 

points P and Q being jirojcoted to // uinl y, tixing the lenjMhsof the 
equivalent beams and cuutilev<-r. The HlrcsKes in tlu* ba^i r eomhi- 
imtion of simple beams arc then identical with those in the <*ontinu<»us 
girder alone. It is uppurent from tlm lower iigun* that tlie presHures 
on the various supports dillcr eonHitlcrahly from those wliieh auiihl 
obtain if the two openings \\t»re spanned ny H(*puralt* beams with an 
interval at (k Thus, if the load be suppoHed tiniformly distributed 
from A to B, the support at A will carry half the haul on tint lengtli 
AP, and the support at B will curry naif thti loud on the length 
QB. The central support will carry the whole of the load on PQ, 
together with the remaining halves of the loads on AP and In 
the cose of two imlqmuknt spans AO and BU, the centnd support 
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would carry just half the total load from A to B, and each end support 
one quarter of the total load. The central support beneath the con- 
tinuous beam thus carries a greater proportion of the total load than 
if supporting two simple beams only. When the positions of the 
points of contra-flexure are determined, the B.M. at any section of the 
beam, and the pressures on the supports, may readily be deduced by 
reference to the equivalent system of simple beams and canti- 
levers. 

The following solutions, which illustrate typical cases, are based 
on the assumptions that the supports are all at the same level and 
the beam of uniform cross-section. They are therefore strictly appli- 
cable to rectangular timber beams, rolled sections used as beams, and 
plate girders of uniform section, whilst the results will be approxi- 
mately correct for the generality of plate girders. The exact solution 
for beams of very variable section is considerably involved, and beyond 
the scope of this work. It should he distinctly remmnhered that a slight 
suhsidence in one or mother of the supports of a continuous girder may 
considerably modify the Vending moment, and cmseguently the stress, at 
any section. Thus in Pig. ;57, lowering of the central support C 
would throw more of the load on the end supports A and B and 
shorten the length of the convex portion PQ. The lengths ap and hg 
of the equivalent simple beams would be thereby increased with a 
corresponding increase m the bending moment upon them. Conversely, 
subsidence of A or B or both, would increase the pressure on 0 and 
cause the points P and Q to move outwards from the centre, with a 
corresponding increase in the bonding moment at the centre of the 
cantilever Variation m the loading further causes alteration in the 

positions of the points P and Q, and therefore in the bending moment 
also. 

In Fig^ if the span BC carry a much heavier load than the span 
AO, the eUcct is to cause relatively largo dcliection of BO and to spring 


A 


p' 

c c 

) B 




1 

1 

1 

1 

p==z:r: — — f" 

1 l-TL 



1 

1 

1 — 

T 


— 1 
p 


1 < 
Fid 38. 

7 



up the IcugLli AO. The ])oints of contniflexure P and Q would then 
move towards the left and the eipiivalent system of simple beams and 
cantilever be as shown at apqh, with correspondingly modified bending 
moments. Such action takes iilace in the case of a continuous girder 
bridge with the live or rolling load advancing from one end support. 
If F denote the previous position of P when tlie girder was syminetri- 
eally loaded, it will be seen that the upper and lower flanges of the 
girder between P and F undergo reversal of stress. In Fig. 37 the 
upper flange from A to P is in compression under symmetrical loading, 
whilst in Fig. 38, a portion of this flange, PP', is now m tension under 
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tlie unsymmotricul load, 'riui Htrm in tho lowor fiiiUKo U-turuoa P and 
F is also reversed from tonaiou to ooinjirossioiu 

For tho above reaHonw, continiiouH girdern are not very frm|uoutly 
adopted, ospocially for moving IoiuIh. 'rim n*V(M‘hial of KtroHs over a 
certain length of the girder may Ik* Huitubly provithul for, but a 
relatively sliglit alteration in the lovtd of the HupjMjrU, uftifr erection, 
gives rise to unknown and posaildy (lanio*rouH stiHMHfS, Htjveral brnlgca, 
in fact, originally erectotl an contiiuioiH ginl»*rrt have, mi account of 
unequal subsidence in the pitw, iMum (Uit through in tlu^ ntughlarnrhood 
of tho points of contra-llcxure and ho converted into uctiml Kimple 
beams and cantilcvorH, the HtreHSiw in which are indtipemlent of Ktiglit 
diffcrcncefl in level of the supportH.* Ah will be Hetm, howevt*r, u 
continuous girder is moro economical of matmmd than aeveral imhqKtu- 
dent spans together aggregating the Hamc haigth,^ nintu) the eontinuous 
girder under similar loading is subject to less bi*mling niomt‘nt and may 
therefore be designed of lighter Hectiom It further p()sseHHt*H certain 
advantages relative to eiisc of erection in h)f{y situationM, whitth, howt'ver, 
c^ot bo bore coiiHidercd in detail. 

Characteristic Points of Bending Moment Diagrams. 'I'he lauiding 
moments on continuous beams of uniform m‘(»tion may be readily 

determiiunl afu*r linding what are 
t'alk’il the t'ltanutfusdr points of 
the simple lutmliug moment diu- 
grams for t^aeh snan considen'd in- 
dependently. 'rnese idianu’teriHtic 
points are obtained uh f(dlo\\H. In 
Fig. JH) let AU represent, the, Kpiin, 
and the naraluda .\(’H the 15. M. 
diagram aue to a uniformly din- 
tributed load. Divide the span AB 
into three 0 (iual parts in points M ami F, and at t-hesi* puinu creet 
perpendiculars KF and FQ. Tho height of points P ami above tie* 
base lino AB is fixed by the ctimlition (hat the nmment of the area 
AOB about one end of the span shall e'jiial the moment t»f tie* n‘etungle 

AKIIB about the same point, or urea A< 'B x A K 1 1 15 ^ 


c 



AB 

2 


being a common factor, may, in this ease, lx» eliminated, h-uving 


area ACB = area AlfllB, and this condition is sullieient for fixing the 
heights of F and Q in all easi^s whcTe the B.M. iliugrum is Hynunetrieal 
about the vertical iientre line, slnee (1 ami (F, the cent res uf gravity of 
areas AdB and AKIIB will both full <m (M), and the nmimmt arm for 

each area will ctjual ^ , or the half spam In the rase of the isirabolu— 


Area AOB == J 01) x AB, and area AKIIB « KF x AB 
KF X AB = I 01) X AB, or KF Ft^ « j CU 

The charucteristic points for a parabolic diagram are therefore 
^ Mim, Pmmdings InsL vol elxil. p U45. 
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obtained by erecting perpendiculars at each ^ of the span, and cutting 
oS a height equal to | the central height of the parabola. 

In Fig. 40, AOB is the B.M. diagram for a concentrated load at the 
centre of span AB. The triangular area AOB, and the rectangle AKHB, 
will obviously be equalized by drawing KE at half the height CD. 
The characteristic points P and Q are therefore here situated at one- 
half the central height CD above the base. Fig. 41 illustrates another 



Fig 40 Fia. 41. 




symmetrical case. The span AB is 20 feet, and equal loads of C tons 
are carried at 4-feet distances from each end. Reactions at A and B 
each equal 6 ions, and moments CK and DH = 0 x 4 = 24 ft.-tons, 
AKIIB being the B.M. diagram. Its area, measured by the scales used 
for distance and bending moments, = AD x DH = JG X 24 = 384. 
The height of the rectangle of equal area on base AB = = 19*2 

units on the B.M. scale. Marking E and F at the one- third" points of 
the span, the characteristic points are located at P and Q. 
i-^^aracteristic Points for Unsymmetrical Bending Moment 
Diagrams. — In Fig. 42, AB = 30 feet, and a concentrated load of 
15 ions IS applied at D, distant () c 

feet from B. 

= ijy of 15 = 3 tons, the 
bending moment at D = ;) x 2 1 
= 72 ft.-tons, and the BM. dia- 
gram 18 the triangl<‘ A(n5, having 
its centre of gravity at (J, sucli that 
M(i=^ MD. The moineut of 
area AB(J will now lie greater 

about the end A of the span than j-c— m' ^ — /s' h 

about B, and the characteristic 42. 

points will no longer be at the 

same height above AB. Taking inoinents about A, and calling H 
the lieighl. of the rectangle, having the same moment about A as the 
triangle AOB— ^ ^ ^ .j,), ^ 

or ^ X IK = 11 X ‘150 
whence 11 = *13 2 

which fixes the height of the characteristic point Q. Taking moments 
about B, and calling A the height of the rectangle of equal moment — 


m 


I F D D| 

4- / 2 ' H 


30 X 72 


X 12 = A X 450 


whence A = 28*8 
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which fixes the height of the oharaoterwtic point i‘. Any unsyminotrloil 
B.M. diagram may ho troottxl in a aimilar manner. 

Method of asing the Oharaoterietio Points for determining the 
Bending Moment on Oontinnous Girders.- (hnmt! Hjramftlf. -A j/jirder 
is continuous over throe spans of HO, 4o, and Ho feet, ami lairrios a load 
of 2 tons per foot run over tho first Hjjan, and I'fl Utas jmt foot run 
over the second and third spans. To draw tlie B.M. and S.l'’. diagrams 
and determine tho points of contrH-fh!.xurf and pressures oii the 
supports. 

In Fig. 48 sot out tlie sjsius AB, Bft, and CD to wale, and upon 
them draw the B.M. diagmms for tlw staled loials, aasuiniiig the sisms 



to be bridged by three iudeismdent girders iimleiMl of one eontinuons 
girder. The central hunuing moments for the three siiuns are 
respectively— 


l_X .'SO X !i0 


= 22.") fb.'tons, 


K> X 4II X 40 


im ft.-touH 


and 


DH XJO X HO 
« 


= lG8’7r) ft.-tons. Those values nro lyit off to a 


convenient scale at ab, td, and (f, jind tho parabolas AiB, IWC, (Yl), 
drawn through them. Nc,xt mark Lite oharaoteristie jmints of each 
parabola by dividing ouch simn into tlireo tsjual parts, ami making tho 
heights of 1 and 2 « I ab, 8 and 4 = 1 ed, and fi and 6 ■ } M If the 
ouler ends of tho girder rest freely on tho eupporii at A and B, no 
further use is made of the extreme characteristic points 1 and (1, witioh 
may be disregarded. Oommenoing at A, a sorlea of abraight lines, AB', 
B'O', O'D, require to be drawn, anoh that any two llnea as Aii', IW, 
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meeting over the intermediate support B, will pass at vertical distances 
above or Mow the cliaracterisbic point 2 and Mow or above the charac- 
teristic point 8, which are in inverse ratio to the adjacent spans AB and 
BO. Similarly the lines B'O' and O'D must pass at vertical distances 
above or below the characteristic point 4 and below or above the charac- 
teristic point 5, which are in inverse ratio to the adjacent spans BO and 
OD, and the closing lino O'D must terminate at D. Obviously only one 
possible system of lines will fullil these conditions, and their directions 
are easily located after one or two trials. A trial system of lines is 
indicated at kghlc^ which does not fulfil the above conditions, since Iik 
fails to close on I). The initial line kg evidently passes at too great a 
vertical distance above 2, so that by tentatively lowering kg the correct 
directions AB'O'D are ultimately obtained. If the spans adjacent to an 
intormediate support be eiiual, the vertical distances between the trial 
lines and the characteristic points on opposite sides of that support 
must also be equal. It should bo noted that any two fines meeting 

over an intermediate support mmt pass on opposile sides of the two 
characteristic points adjacent to that support, but that it is immaterial 
whether they pass above or below either the right- or left-hand point. 
A line is occasionally found to pass through one of the characteristic 
points, in which case, the vertical interval being nothing, the succeeding 
lino beyond tlio next support must pass through ilic corrcHponding 
adjacent characteristic point. . 

The broken hne AB'C'D so found, constitutes a new base lino from 
which to measure the bending moments which actually obtain for the 
conUnuom girder. The points jpi, j?.,, ^^4, where this new base lino 
intersects the parabolic diagrams, determine the positions of the points 
of contra-flexure, and projecting them to Pj, Py, P3 and J^4 on AD, their 
liorizontal distances apart may be scaled off. These are indicated in 
the lower figure, which also shows the manner in which the contLimous 
girder may be divided into an equivalent system of simple beams and 
cantilevers. The vertically sliacled portions of the upper figure milicale 
the bending moments on the continuous girder, the full lines denoting 
positive moments, and tho dotted, negative moments. At the points of 
contra-flexure, the B.M. is of course zero, which naccssitates these points 
being made the points of junction between the simple beams and canti- 
levers in the lower figure. The pressures on the siijiports A, B, C, and 1) 
are readily deduced from the lengths of tlie cantilever and simple girder 
spans. Thus— 

Pressure on A = ^ load on APi = I X 22’7 x 2 = 22*7 tons. 

„ B = i load on APi 4- load on P,Pu -|- 4 load on B.^P., 

= 22-7 + (7'8 X 2) + (<) X 1 h) + U X 28 X IT)) 

= ()8 Of) tons. 

„ V = I load on T*2P:{ + load on P;{Pi + load on PJ) 

= (1 X 28 X IT)) + (1(1 X IT)) + 22 X IT) 

= r>7'7r) tons. 

„ D = load on 1^4D = J x 22 x Ph = U> tons. 

The sum of these pressures, 105 tons, of course equals the lotal load 
on the beam. The continuous girder dellecis in the maimer shown by 
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tlio cnmid lino VV\'. Tin* Bli<'iiriiiK fomo diiiKmui riMuUly fullowa from 
a oojisidoration (»f tlu' IoiuIh mid pn-HHurt'K <m Huinntrl*. Note thaii th# 
iuoliuod linen imliiMUiij,' Um Hlmur fomi ful. the Uuhi lino XV Iwnoath 
Iho ecutriil iioiiitH of tlio utiuiyalrnt nirdorH Al’i, ami RJ), wlierg 
the slmar in zero, iiiid the iKwitivo lt.M. a jiiiKinuiiu. 

A few Hiiooiul eascH may Ixi nolici'd. In Ki),'. I I a lM*atn in con- 
timioiis over two wiual spaim, AH and Ht', ami furrioH a iiuiforin load 



of to tons jior foot run throuf'lnmt. The jmmltcilu'i AAIt ami IWd 

wl^ 

having = of = , rojirommt (ho immiontH fur Iho ajauw <'(>ii,Miloi'od 

indepeiidoniJy. Tlio charnel oriMtii! pniniH ailjueeiii. lo (he Mipii iri H ims 
2 and 8. AH' and H'C aro tho only iMtamhlo linea fullilling i ho ei>ii.liii,iiiH 
above monl-ioncd, and thi'y nnml. oliviimsly pasH thnniiih the |iiiini,M 2 
and But Hinoc 22' =- !j uh, and A2' - jj A H, 2;,’' alau ! t HH', wlienoo 
BB' = ab, or tho nogativo H.M. over the pier It ia < iiu.d ‘in amount to 

the positivo moment of at the centre of either K|i.m e.inaidered 

independently. The iHiinta of eontra-lle\iire, />,/>, evideoilv oeeiir at 
*} I from A and (', wnce pi’ will then -- HH'. and r/i - } Hit', ahieh 



in a parabola is tho condition for r to ho ailuated halfway laiwoon 
b and B'. Jlcnco tho presHuro on oiwh end mipiiort A nml (l ■> i of 
'i'wl = ^ id, and on B = J td + J «'/ + S «'/ = 1 J tel, or tlio oenti^ 
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support carries times the load on each end support. The equivalent 
system of two simple beams and a cantilever is shown below. 

Fig. 45 shows the moment diagram for three equal spans of I feet, 
bridged by a continuous girder carrying a uniform load of w tons per 
foot, from which the indicated pressures on the supports may be 
deduced as shown. 

A useful practical application occurs in the case of an open trough- 
shaped conduit for carrying a canal, or a continuous pipe line conveying 
water supply over several spans. Fig. 46 shows the character of the 
moment diagram where six equal spans are involved. 



Example 0 . — A girder %s 42 feet long and is supported on walls at 
either end and by a column at the centre. At 6 ft. intervals it carries 
rolled joists, emh of which imposes a floor load of 7 tons on the girder. 
Required the B.M. diagram for the girder and the pressures on the 
supports. Fig. 47. 



Regarding the span AB ns independent, 

RA = 7(M + |f4-^9 = 0tons. 

B M. at D = i) X 6 = 54 ft. -tons. 

B.M. at E = 0 X 12 - 7 X G = GO ft.-tons. 

B.M. at F = y X 18 - 7 X 12 - 7 X G = ;3G ft -tons. 


These arc plotted at J)d, Ee, and Yf giving MefB as the moment 
diagram for an independent girder between A and B. Since the ends 
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A and 0 are frco, only tiu) cliurtu'teriHtic poiiiU adjiM»ent tu B are 
roqairod, and the loadin^^ Ixdnijf «ynun<»triniU t\wm will !m BitimttMl at 
the name lieiglit abov<‘ AO. S(5t oft iiR « AH. Tli«» tliuirraru A^fc/B 
is divided up into rouHtituout moUMiKloM und trinnKb'H hy tho full linaa, 
and the sum of tlu* momonlH of thorn* um^n uhout A will im|Uh 1 the 
momeufc of the whole diaf^rum about A. The iiulividual wuiroH of 
gravity are located and marked hy the kiuuII <’irch‘H, 


Moiiu'uti of A AIWoiMiut A . 

0 \ ..1 J 

O 

(UH 


A % 

■<’ '' . K, , 

2 

m;() 



(1 X :ttt , , 



A i'¥ .. 

X i 1 

1280 

»-» 

A/f-’B .. 

;! X a.: ^ 

•> 


It 


U X u 1 \ u 


It 

„ mh .. . 

U X 1»<» * l.’» 



/. Mt. of .V////H about A 

u l.io units. 


For the height U of th(‘ n^ctangle on AH liaving the huiio* moiiieut 
about A, 21 X n X whemaj H <‘ut olT IV 12'H5 

units ou the B.M. Koale einjdoyctl when /; in the chaiurteriMth^ pniut 
required. Since thoMliagraui is Hymmctriral, llic new bane hn(‘\\ill he 
obtained by ioming A to ;/and pnaliuung to H'. The maxiimim H.M. 
is obviously iilV = Ij x IV l-i x ft. -Ions, and i.s ncm- 

tive, that is, the upintr flange will he in tenniou and the luuer in <‘om- 
j)reflsion over the support H. The points of eontr.i‘lit‘\nre an* at S, S, 
distant ir> ft. 8 in. from A or V. The lower figure shows the iMpuMdeut 
system of simple beams and e.inti lever, and fnun the posit mns of I lie 

.11.1 . . if .. h' 

two 7 ton loads wlue.li rest on ,sv;the reuetmnutt' ^ 7 I , , 

’ l.» h l.) s 

of 7 = rrt)r> tons, A similar reaction exists at A, wiemn- prr.ssure «iii 
central column = total Unwl — pressures t»n Aand <’ L’ — 1 1'U ;;n*i 

tons. 

The H.F. diagram readily follow's from the presHur»s. t‘aeh step 
scaling 7 tous. 

Fipd Beams. -A beam or girder is saitl to lu* iijrnl at the ends 
when it is so firmly Imill in or unehored down that a tangent, AH, 
Fig. 48, to tlie curve of the bent beam at A is hori/.oiital. In ord*'r to 
rcalizo this condition, it is evidtuit there must, be a Hunieiiuitly large 
downward pressure or pull Ha|)plied to the portion A<‘of the" beam, 
Hi will create a reversed bending moment capable of bulaUeing that 
caused at A liy tlie loads on the beam. Tim hoUlitig down ftn*t*e V may 
be applied by the weight of masonry in the wall above A(h or by 
anchor rods taken down to a suitaldc depth. If, in the lower ligttre, 
P' be not Bullicicut to create the sumo amount of moment as would 
oiisb at A! if the beam wore actually the end of the lH*am will tilt 
up to some extent and bend m shown at A'O', when the iaugmit XW to 
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the curve afc A! will no longer be horizontal, and the beam will not 
fulfil the condition of fixity of ends. In this case the point of contra- 
flexure, which previously was 
located at will move to some 
point y nearer to A', and the 
B.M. at A' will be reduced to 
that which P' is capable of pro- 
ducing when acting at the 
leverage P'A'. This will be 
accompanied by a correspond- 
ingly increased B.M. at the centre of the beam. A little consideration 
will show the fallacy of assuming a beam to be fmd at the ends, simply 
becausc^ it is apparenllf/ firmly built into a wall at cither end. 

In Fig. 48 suppose the beam to carry a central load of 2 tons over a 
span of 20 feet. The B.M. at A, if the beam be actually fixed^ will be 

__ — ^ _ 5 ft.-tons or GO inch-tons. If the beam project, say, 

18 inches into the wall and be fixed by the weight of brickwork resting 

on AO, then P x must = GO inch-tons, or P = G^ tons. Assuming 


a breadth of flange of 12 inches, the bearing area from A to 0 = 
square feet, and the height h of the column of brickwork resting on 
this area and weighing Gf tons, will be given by h X X = C| 
tons, whence h = 81) feet. This is supposing the column of brickwork 
to actually rest on the end of the beam, whereas a portion of it would 
probably bo supported by the bond in the wall. Assuming a reasonable 
height of wall above AC, say 80 feet, the beam vould require to be 
firmly built in for a minimum distance of 2 feet 7 inches at ea(‘.h eiitl, 
ill order to realize fixed conditions, still supposing the weight of the 
80 feet of brickwork to l)e wholly resting on AC. Ihobably the 
majority of ho-c ailed Jiml beams fall iar short of tlie reiiuired degree of 
lixation, with tlie result tliat if calcnlated as fixed beams they may bo 
stressed to nearly double the intensity intended in their design, llie 
moment of tho holding-down force P about A, or P X i CA, in Fig 48, 
IS called the moment of fixation, and the B.M. on the beam section at 
A cannot exceed this moment of lixation Conseciuently no beam or 
girder should be assumed as having fixed ends, unless tlie actual 
pressure upon tho built-in or aiioborod-dowii ends is definitely known 
to be equal to that reciuircd to produce the necessary moment of lixation 
for balancing the B.M. due to tho loading iiiidor eonsidcration. Rela- 
tively few girders in practice are intentionally designed as fixed beams. 
Where it is necessary to Jlx the end of a girder, the necessary fixing 
moment is ])rovided by pripejUj loading the end of the girder with a 
definite balance weight, or by’ attaching to it anchor ties capable of 
exerting a predetermined downward pull. 

The bending moments on fixed beams of imiform section are readily 
determined after locating the positions of the characteristic points ol 
the B.M. diagram for the beam considered as simply supported. The 
straight line drawn through the two characteristic points constitutes the 
new base line above and below which to measure the positive and 
negative moments on the fixed beam. 
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I’ig. •!!) illnstnitos tlut «(ih« <»f h IJ.x(‘d IxMim of kjmh / fiwt with u central 

couccutrutud load W. 'I'liti trimiglc Adll of height = , i« Uio luonient 

diagram for tlio aimitly «Hi)j)orttid Ikhiii. 'riir height t»f the elmmctc^ 
istio points p,jo, = 1 (51), and joining tliese hy KK the nioimmt at the 


centre is i (51)= + , whilst KA -• h'B - ~ is the niomfiit at the 

fixed ends. The points of <*oulra-ll»‘Xure are S. H, distant ^ from each 


I-'B - - 


end of the span. 'I'lie lixed iMuim AB is et|uivaleiit to two lixed 
cantilevers cm and nb with a simply Kitp|H»rted spun ns earriod Between 
them, as shown in the lower figure. 


c 



I-’iTi. 40. Ml. 


Fig. .'iO gives the diagram of moments for a lixed Ismiii of span / 
feet currying a uniform loud of w tons jier foot ritii. The puralmla ACB 

having 01) = ft. -tons, has the ehurueteristie points /i. //, at a height 

above AB = i{(lI). The eontrul B.M. <m the (i.xed Iieam (’I) 

, /r/“ ttr- 

=' n X ^ = + .,.j, and the end moments AH and BF are eueh 
= “ X ^ Tlu* li'nji:th tin iniiy \>v foinui uh 


folhmn : 

Tlu* ht'iulinji; at 

th<» n*uUv of thr 

//• ^ trf . 

an - i U’r# 7 s/, A (tti un<l 

ah t<>jj;<*th(T s- uml an 
^ i<ff ^ imii 

Fur any {*f unKyin- 

nirtrical tlut Hunir con* 

X Htnuiion hoUln, Tlum in 1 %, 

51 , the fixed beam Alt of 20 fuel Bjam <jarnVH u loatl 

of (> iions at (>, distant 8 ft. from It. uf 5 o 2 toim^ and (he 

moment 01 ) for the beam simply Hupportea w 2 x 12 « 21 (tAom* 
For the cbaractcristic points— 
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I O y OA 

Moment of A ADO about A = — ^ — X 8 = 1162 

„ A BDO „ = 14 ^ X 14§ = 1408 

£» 

„ A ADB „ = 25G0 

For the height H of rectangle on AB having the same moment 
about A, 11 X X = 25G0, H = 12'8. Mark P and Q at one- 
third the span and make Pj? = 12*8 units on the B.M. scale. 

12 y 94. 

Similarly, moment of A ADC about B = — x 12 = 1728 
„ A BDO = 5-4?-' X 6^ = 512 

A ADB „ = 2240 

For the height h of rectangle on AB having the same moment about 
B, /a X 20 X V = 2240. /^=11*2 units. Make Q <7 = 11'2 and 

join the characteristic points p and g'. Ei/pF is the new base line for 
moments giving a maximum misitive moment DM beneath the load and 
negative moments KA and FB at A and B respectively. The equi- 
valent system of two cantilevers and a simple beam is shown at 
assb- 

Beams fixed at One End and supported at the Other. — These are 
not of much practical mtorest. Fig. 52 shows the B.M. diagram for a 
beam lixed at A and supported at B carrying a distributed load of tv 
tons per foot run, and Fig. 5Ji, the same beam with a concentrated load 




of W tons at tlui centre. In tlicse cases, the characteristic point 
adjacent to the freely supported end B is neglected, since the B.M. at 
this end is zero. Tlu‘> new base lino B(1 is therefore drawn from B 
through the (‘.liaructm’istic point p adjacent to the lixed end The beam 
AB is, in cmdi casi*, eijuivahmt to a cantilever as and supported hQn,m sb 
with one point of contra-fl(‘xure at R. 

Beam fixed at Both Ends and continuous over Intermediate 
Supports. — Pig. 54 rejirescnts a beam 50 ft. long lixed at each end and 
supported at 20 feet from one end, carrying a load of 2 tons per 
foot run. 
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kSTRUOTURAL KNraNRBRIN(i 

Tho oouiral liciglits of the parabolas ADB aud BBO ar« givou by 

- ? ;s: 225 ttAom and ^ = KH) ft.4<)n8 nmpootivoly. 

The position of tlio now base lino K(iH is ol)tiiined by drawing two 
Hues through the chainctoristic points p and q adjacent to the fixed ends 


D 



A and 0, nieotiuf^ at (I vertically over B and jMiHHinj^^ below // and above 
so that 

y//// 20 

qn no 

Projectini^ down the four itoinU (>f contra flexure, (he c«iui\alcnt 
system consirtta of three cantilevers .Va and -v* and two Huj)p«>rte(l 
beams and Sj,S4. The nc.gative moment AK is tlic nmxiiuinn, walin^^ 
lOG ft.-tons.^ 

^ l‘’or a domountratigii of tlio proof of the inothod of (’haraoioriMto' pointM, nt'o 
A Fractioal Treatka on Hrid^jG (lonatructUm^ by 'P. (‘laxtun Fidlur, 



CHAPTER IV. 


BEAMS. 

Moment of Resistance. — Vortical forces acting on a horizontal beam 
produce a bending action in the beam. At any cross-section the bcud- 
mg action is proportional to the bending moment. 

Suppose a loaded beam, Fig. 55, to be hinged at the centre. The 
bending action would tend to close the portion between P and 0 and 



open the lower iiortion V to T. If a block of material be placed at X 
and a tie at Y to [)rcvont movement about the hinge, it is evident that 
the block at X would be compressed and tlic tie at Y stretched. Equi- 
librium having been establislied, the bonding moment at the section 
must be equal to the moment of the forces in ilie block and tie about 
the hinge at \\ 

Let (■ = coinjircHHion in the block, 

T = tension in the tie. 

Tlien tli(‘ momon! ol these forc(‘B about P 

= T X // + < ' X ./• 

= the bending moiiKmi on the section. 

If the beam bo made contimioiiK, the material a.t the vertical section 
through P would be subjeiit to stresBos similar to those in the block and 
tic. All the mat(Tial above some horizontal 
])lanc, such as that ])iiHsing through P, would 
i)c ill (compression and all below that plane 
in tension. Let the small arrows in Fig. 5(1 
represent Uuj stnjsHCjH in the material at the 
vertical section (U*T, and R„ and Rr the 
resultants of thti eompressivo and tensile 
stresses. Since all the forces causing bonding 
must act normally to tlie liorizoutal planed 
through P, the only forces acting parallel 
to that plane arc the forces Ho and Et> which must therefore be equal 
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fiTRUOTHHAI- KNdlNKBRlKO 


to procluco oquilibriinn. Tlu; IkhuUiik moiiHtnfc nt tho wwition C1I*T vflU 
theroforo bo equal to the moment of tl«* couple II, x // or U, x y. 
Tho momoiit of thin conple i« a imuMiire of the Htnmi'th of the beam 
at tho Boctioii and in known as the momnit nf mintann’. 

Suppose the block h’ig. f>7, tu! cempre-wed to efhif. The upper 
edge y IS decreased in length to a greater exU'Ht thun the lower edge 
ffft, and as tho streHH must Im proportional to the deereiuie of letigth, tho 
stress at lyis greater than tho streas at////. 'I’lie decrease in length is 
proportional to the dwtaiiees of the tslgea wf/ and r/i from the point?, 
Theroforo tho stroHseH must also lat proporthtnal Ut the iliKtuieea from 
P. Tf the hltKik had e,\ten<led from 1* to (1 no nlteratitin eif length 



N! 


It 

ir* 

! 

I 


i,i 


xi.; ! 

t »■ i- 


h'iu. tiH. 


would have oceurrod at ?, demouHtrating that the material at I' is not 
subject to any bonding strcHs, whilst the ma\imum eliaiu'e in Icngtii 
and therefore tho groate.st stress oeeiirsutC. In a similar manner it 
may be shown that tho tensile stress below 1’ varies from nothing at 1* 
to a maximum at T, and at any point in the seetioa is ptopoiiioaal to 
the distance of that point from ?. 

At every vertical section of the heani tlim' is some point I’ where 
there is no direct stress. Tlic plane cimtainiog all such points is known 
as the wtitnd phm>. 

PosUioii of t/m NnitrnJ Am. The intersection of the uenlrul plane 
with any cross-section of a beam is termed the neutral axis of the cross- 
section. _ Lot Fig. fiK rejirescnt the eross-seetiou of a leet, angular Is'imi 
divided into horizontal layers. If the inUmsity of eompressue stress at 
the upper surfimo (usually culled the skin stress) - and the mtrnsily 
of tonsik stress at the lower surface /„ tlien the average intensitnif 
of stress in the layers above the neutral axis N.V will be 


_ fH* f!h fHx 

“•'V.’ ■ ' ■ ' 'n. 

Let a = sectional area of each layer. 

Thou the total stresses in the separate layers ahova N.k 

and tlio total comprcBsiou above tluj neutral uxin 

f 

- i'im + m+ * + m) 
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Similarly, the total tensioa Mow the neutral axis 
-haiji + a^n-^r . . . +fly'i) 

Vt 

Since total tension must equal total compression 

f * f 

. . . + ay,) = . . + ay\) 

Uc Vt 

But — 

Vo Ut 

ay^ + ay>j . . , + ayi = ay\ + ay\ . . . + ay\ 

or the sum of the moments of the areas in tension is equal to the sum 
of the moments of the areas in compression. This is the condition for 
the neutral axis passing through the centre of gravity of the cross- 
section. So long as the moduli of elasticity of the material in tension 
and compression bo the same, the neutral axis must always pass through 
the centre of gravity of the cross-section whatever be its shape. 

Moment of Rmi^iance.—TDi^ stress m the top layer, Fig. 58, was 

shown to be = itf^-^, 
lU 

Its moment about the neutral axis 

= «/<.?' X ye 

Uc 

= ^y.' 

The total moment of the stresses above the neutral axis will therefore 

^ At (Hln • .... ( 1 ) 

Moment of the stresses below the neutral axis 

= /,v<//7 + «yi“+ - . . +«yi“) • ... (2) 

Ut 

The moment of resistance of the section is equal to the sum of the 
expressions (1) and (:2) when the layers arc taken infinitely thin. It 
will 1)0 seen that the portions of the expresBions in the brackets arc the 
sums of all the small areas multiplied by the square of their distances 
from the neutral axis. The moment of resistance may therefore be 
written — 

Rum of all the small 
areas multiplied by 
the square of their 
distances from the 
neutral axis 

In sections symmetrical about the neutral axis the skin stress in 
tension will be equal to the skin stress in compression, but for 



^ skin stress /gv 

distance of skin from N. A. 
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unsyininobrioal HectioHH tlitiBe RtrosHua will not Ihi wihuI. In iinnym. 
metrical sections, tltu skin strcHH, in Urn aluivu (<x{ir<'HHiuu, is tlutt of 
tension or compruHsion, luiuordiuK iw t!«> (limoiiiiiuittir is the distanoe 
from the ncntral axiH, of the Hkiii HuUji-ct to tho Htniiw mlopU'd. 

Momnt of Inertia.— Vw any hwUou, Uu- mim of all tho Hiiiall areas 
into wliush the Hootion may Ik! divid<‘d, oatltipliod by tlw* mumro of 
tlieir distancoB from tho neutral axia, ia tenm'd the mument of imsrtia 
of tJho soction, and in uaually dimotcd by the letttT 1. 'I'lit! e.v|)reHHiou 
(8) may then bo written ■ 

_ moment of inertia x akin alrexH 
dwtiincu of akm Irom N.A. 

= = 

y.. /A 

The bondiuH moinout boiii|j: oiinal to the moment of reHiHtani’e, 

B.M. ■ b^' 

//. lt> 


Tho valno of I w <l(t]Muid(‘nt on tliu tlintriluition of tlu^ iimU^rial 
about the axis (‘onaidorud. The calculation tff the moueo*t t»f inertia 
involvcH the uae of the, <ialculuH, and it in not pm- 
° posed to >(ive here tlie matheumtiiud pnnif. The 
formuhu for a uumhtT of simple caseH will lie fouml 
^ in Table * 2 .% ami from tlnuii I, for mod. onliimry 
Hoc.tionrt, may he (calculated. 

Tins followinfjf graphical m(‘tliod of olstainiuj,,^ 
I will prove tli(‘ aetairm’y (»f (he fonmilu* for 
r<{(stanj^leH. 

To liud the moment of inertia of (he ree(.ani,d({ 
B ABOI), Fie;. fU), about tin* side A 15 . (’onsnier a 
very thin horizontal strip f/r ol (he reetanele at a 
distance // from AH and of un*a /. 

I of the strip = ///A 
I for a similar strip at (U ) =• ltt\ 

If the urea / lus reaueisd to l\ so that 


c 

4m>m> m . 

r "" 

1 

! #9 

" / 

1 ^ 
y . 

1 f 

!"***/« " Y 

\ 

1 /f 

1 

t 

A 1 i 

r* 1 1 

t t 

A 


Fm. no. 


then hP = If 

If each horizontal fitrin of tlio rectun|«:Ie ho rtMhanMi in (Jie samu 

rnfin /a I'ho fl((uaro of its dmUuujo fnuu A H . , r n 1 » 1 

ratio, Le. . i. ^ j 1 h* mim (,f ,^1 siieh ivdmsed 

areas multiplied by (P will be the momeut of imTtia about AH. 

Since the strips arc very thin the length may l)o taken to represruit 
the area. The reduced length of tit* will 


■ y 


f 
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The reduced lenglhs 

fg = by.y^ 

M = hx Vi 

aP 

Taking a largo number of strips and joining the extremities c, 
etc., the points 7c, //,r, will bo found to lie on a parabola passing through 
A and D. The moment of inertia will then be equal to the area 
i)\)cglck multiplied by The area of the parabolic segment D^AB 

= IM 

The “ iuertia area” 0I)r^//A will therefore 
and 1 = \M X oP 

= IW'* 

Let the diincnsious of the rectangle be — 

h = C", d = 12" 

Then I about 'the side AB 
= 

= ^1?! = ,3400 in.* 

O 

To ol)tain the moment of inertia about the neutral axis N.A. 
Treatiiipf eai'Ji half of the rectangle by the above graphic method, 
two inertia areas, shown shaded, Fig. (50, are 

obtained, th(^ urea of each being 


For the whole rectangle 


I for each half =r x 


J 



. biP 
la 


-A 


Tici GO. 


Again, let h = 0" and d = 12". 

Then the moment of iuertia of the rectangle about N.A. 


IhV 


12 


= 8G4 in.*^ 


Example 10.— To find the moment of inertia of a rolled ham 
sec! ion. 

Lot the section be 12" X G" x f metal with parallel sides, Pig. Cl. 



OTRl KJT U UAL HN( i I N B B R I N« 


Rinco the m.‘cti(m !» Hyiuinutrieul tlu* iieutml axiH will be Hituuted 6 in, 
from the top ami lK>ttoni. 

The inoiiK'nt of inertia iiniy lie olitaiiietl liy either of the following 
mothoils : - 

(1) OaleHluto tlio moment of inertia for the n'otaiiifle la" x li" untl 
snhtraet the immumtH of inertia of the two reetangleH Ai x i/|. 

(a) Oalctilato Hepamtely auil witl to>'uUier the momciitH of inertia of 
the two fiuiij'OH ami the weh. 

By the iirst method 

M.l. = r of la" X rectangle - a (1 of 11 " x a'{" reetntigle) 
“ 12 la 

_iixia“ axa'lxii" 
la ~ la 
= ariiPDiJ in.'* 


To find the moment of inertia hy the Ki'emul melhoii it will ho 
noceuaary to eoiaider the moment of inertia of a Heetion idioiit uu oxIh 
other than that piwHing througli its eenlre of gravity. 




I 



■ 

1 

1 

if' 

1 

1 ! 

1 

I 

1 

*'! 

1 ( 


1*. . 4 T 
I>'io. (11. 


'r 

I 

I 

I 
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1/ 

jt 
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I 

j 
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Kill. (ili. 


Mompnt of iimlia of a miion afwid ttnif nxh A' A' ^HtralM to tho ttJiH 
Ummjh ita vontro of rarity/ Fo/, 

It kafl ulreacly boon i)n)V(‘d that for a rtHitanj^b* ; 

/kP 

I about axis throuj^h llui (Jontro of gravity - » 

luP 

I about ono side = . 

lu Pig, 02 let the axis XX be parallel to and dintivui M from the 
noutral axis. 

Treating the rocbunglo m ooiupowid of two rcctangleH, ono above 
and ono below the axis XX, tbo sum of the inoimints of Inertia of Huoh 
rectangles about XX will bo the moment of inertia of the whole 
rectangle about XX. 
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For the rectanj^lo above the axis XX — 



For the lower rccLauglc 



For the whole recban^^le 


Bub 


and 


''(s+'‘T '{''-'‘T 


Ixx- ' + 


=.K‘+“‘’) 


= ''"t' + MR''* 

12 

b X (I = area of wliolo rectangle 
bii:^ 

= I of rectangle about the axis tlirongh its 
centre of gravity. 


Therefore the moment of inertia of the rectangle about the axis 
XX is equal to its moment of inertia about the axis throngli its (‘.outre 
of gravity plus the area of the rectangle multiplied by the distaiuio 
between the axes sipiared — 


JxK = Ir.+ AR^ 

This IS true for all sections whatever may be the slnip^^ 

Beturning to Example 10, se(‘.oud method. I of si'otion = I of 
web + f of two (langes. As the neutral axis passes through the ceiitr(‘ 
of gravity of the web, the niomciit of inertia of the web 


__\x 1 r* 

12 “ ^ 12 
= :>:> h; m.* 


From the above pi oof the moment of inertia of mch flange 
y f M * 

= •' -h;" X r X 

= !)!) 25 ill." 

The total moinont of inurtm for the soction 


= 55- 1(1 + (2 X !)'.)-2i)) 

= 2r)a-9(i ill." 

II 
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This result agrees with that of the prcoodiiig luothiHl. 

The shove method donionsirateH the small resistanoo which the web 
offers to the heiuliug mition. It was shown on p. ii2 that the 
moment of resistance was pmiwrtional to the moment of inertia, 
therefore the proportion of the rosistanee to Is’inling exerted by the 

web will bo * *'(• * ~ ** '* * 

its resistance as eomjMired with that of the. flanges is only 

Hence it is desirable that the material whiob liiw to resist tlie bending 
action bo placed, within practical limits, as far from the neutral a.xm as 
possible. , . , 

Motiulw of ii-rtm. - -I t has alrwidy been proved that 

/, tUoHkin fitrcHH, ih dcjpoudtiit onlyou (ho nmtt^rlul (if which the beam m 
composccl, but 1 juhI /y are wholly <h‘fK»iuh*nt tin the nhupe «if the ertiHrt- 

section of the boairu The quantity U kmnva as the imuMm nf tlui 

soction, ft nrl is a relative imnm ury the Ktrength of u H<‘‘*thiii. Tlui 
moment of resistance mayHIen Ih*' writUtu 

M,K. « Hkin ntrcHH x ukhIuIuh nf miction 

yfir gecLi ons syunnetr icul al icm t tin* neutral axifj the inodiiliw of 
section in (icjaal to tlur niouumt aTuiirtJa^rtviUaJr bj- luilT the jiujoUujf 
fleetloii . Thus for a rectan|>fniar 8(H*tion 



*1 


(> 


The modalus of section may be found graphi(!ally by the following 
method. 

Oraphietil JUet/wd of nhttibimj tim MmlnhiK of KiHion. (tmsider 
a very thin layer, AB, in the flange of the henm seetioii, h’ig. ti:i, at a 
distance ;//, from the neutral axis. If the. intensity of skin stress be 

equal to/, the intensity of stress on the layer AH =,/’ x 

If the area of the strip = I 

total stress on the layer = If'j' 

u 
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If tlie area I be reduced in the ratio of ^ to and the total stress 

V 

on the layer be considered to be distributed over the area iVtifee 
intensity of stress on ? will 



Reducing the area of all horizontal layers of the section in ihn ratio 
of their distances from the neutral axis divided by //, an area for the 
whole section will bo obtained on which the 
iiitonsity of stress is equal to /. The jnodulus 
of section will then bo equal to the* inoment 
o£.that area about the neutral axis. / ^ ^ 

Draw a base line ])arallcl to the iieutral axis 
and at a distance y from it. Project the ex- 
tremities of each layer on to the base line and 
join the points thus obtained to any point (say 
the centre of gravity of the section) on the 
neutral axis. Then the area of the layer 
between such lines will bo the reduced area 
required. The projections of the ends of the 
layer AB on the base line are the points 0 
and D. Join 0 and D to E. The area ab 
between the lines OE and DE is the area required. 

Tn the triangles ODE and «5E 



1 ^ 10 . 63 . 


But01) = AB 


ah : OD : : : // 

all = (in X 

// 

= AB X 

y 


The area of equal stress intensity, called the modulus fujun^ for the 
upper half will be QfcEdf/'D, 

Let its area = Aj and its centre of gravity be distant di from the 
neutral axis. Then the total stress on the portion above the neutral 
axis — 

-A./ 

Moment about the neutral axis— 


dikif 


Since the section is symmetrical the moment of the stress in the 
lower portion is equal to the moment of the stress in the upper 
portion. 
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RTHlKrriTIlAL KNaiNHRRINO 
Thoroforo the total luomuut of reHWtancti of tho wliulo miofciou 


But 


M.IL (% 
/.Z 'tdX 


If D bo tho (llsLancc hotwiMui tin* oonlnn of gravity of thotipiioraiKl 

hmH^r moiluluH JiKurm 

Z . 1)A» 

K(»r 8t‘otionH Kymnuitriivil ah^iut tho tonttral 
HXiH 

I) = i^A 

Hiu<*o tho total HtroHHOH alnvo uatl boluw' 
tho noutral axin im* o«iuuh tho ari*u of tho 
tuodtihm liguro l«*h)W tho iioutral uxin muHt 
ho oquul to tho ami tjf Uu* luoihilim Ttguro 
ul)o\o thi‘ noutral a\iH 

Mtu/idits Ftj^inr fur tat hi/ 

mdrimlttluml th AVz/Z/v/Z * I x/,v. I a Hot*i ioim 
mioh uH tho too, til, tho oonin* of 
/gravity fallK nt^aror to tin* lowor Kiirfaoo 
than tho umior, ami <’ouho<|ut‘ntIy iho in- 
toimity of KKin stn*8H at tho low<*r Kurfaco 
will ho loHH than at tin* upp'T. 



4M / li li 

11/ II Mi 

4 '-- -4 

Fio. (it. 


I^cb ft = inteuHity of akin stroHs ut tho lowor Hurfm’o. 

1/ s=j (liHtari(!o of lowor Ktirfa<’i» from tho lauitnil axin. 
/ intmiKity of Hkin HtroHH at tho uppor Hurfaoo. 

Pi = diHtuuco of uj>por Kurfa<*o from muiLrul axis. 


Then/;. /,■" 

//» 

Two inoduluH may ho »lrawn fi»r tin* sootinii, ono liuviru'' an 

intensity equal to/, and tht? ot4ior an iutomaty oqtial to /’, 

The conHtruo.tion of tin* modnluH li|j^uro for tlio uppor Hkin Htrosn^^o. 

is Bhown in Kij^. il K 

The base line for the uppor portion in in tho platio of tin* uppor Hkin 
where tho BbruHH hut for tho low'or portion tlio I«hi‘ lino hoiut*; not 
out at a dmtauoe //, below the neutral uxin (/,/'. whoro tin* Htronn WfOild 
0(iual /^), falls lielow the Ko(*tion. AH layern holow tlio ru*utral axin 
must bo projeeted on to the lower hune line ami joined to tin* [Hiint 
soloctcd on the neutral uxIh. The nlnulod area iH the iiimluhw for 
tho Bootiom 

Lot tho shaded ari*a above tlm luiutrul axis « A. 

Then total HtresH above neutral axis 

Let ill « distance of eentre of j^mvity of uppor Hlmded area from NA 
o n lower 

L if/^ -j- 
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Then the moment of resistance of the section 

+ ( 1 ^) 

=/c,A.D 

Construction for Modulus Figure having an Intensity of Stress egual 
to ft, Eij*;. 05.— -The intensity of stress f occurs at a distance y below 
the neutral axis, therefore at a distance 
y above the neutral axis the intensity 
will also bo /,. The base line for the 
upper portion is therefore drawn through 
the plane of As the intensity of stress 
in the material above this base line is 
greater than the area aefb must be 
increased. Tor any layer above the base 
line, say ab^ project on to the base line 
in c and / ; join e and /to a point on the 
neutral axis and produce these lines to cut 
the horizontal through ab in c and d. Then the length cd will be 
the increased lengtli of ab required. For all layers between the base 
lines proceed as in the former construction. 

Let A, = area of each portion of the modulus figure 

Di = distance between centres of gravity of shaded areas 

== + d2 

Then M.E, = AjDi/ 

Knowing the bending moment at a vertical section of a beam, the 
suitability of the cross-section for resisting it may be determined. 

Bending moment = moment of resistance 
= /cAD 
or =/AiDi 

If cither quantity /AD or /AiDj be less than the bending moment 
(after inserting a suitable value for / or /,) the cross-section is not 
strong enough to safely support the load on the beam and must be 
increased. Tor b eams composed of mild steel which has an equ al 
s trenj^fch in tension f^nmppss ion^ it is only neces sary t o constru^ 
tHT^odulus ligure for the larger intensity:/, as faihii:e_musii!ccur 
wli®e TEe material is the more highlx, stressed. Tor cast iron and 
othcr'"materiffi ^ffiere 'the' strength in tension does not equal the 
strength in compression, both the maximum intensities / and / 
produced by the bending moment, must be calculated and compared 
with the allowable safe intensities for the material employed. 

ExamjUjE 11 — To find the moment of resistance of a 4" x 0" x T 
with parallel su/es, Tig. G4. 

The distance of the centre of gravity of the section from the lower 

_ moment of all layers about lower edge 
total area of section 
_ 4" X X F + X F X 3F 
4" X r + 5F X F 
= 1-987" 

Therefore y (Tig. 64) = 1-987" 

y, = 6 - 1-987 =:= 4-013" 


c a b d 




Oonstruot tlio modulus _fi({ure as iu Fi'if. (M. Tliwi th« iirutt of the 
fijturo above the neutrul iixIh 

es lUH'it of Hlmded triimjjlc. 

M-x'r 

=■ I’OOli M[, ill. 

DiRtiUK'C ill of cciiti’d of Kivivily nliow tin* in'iiliiil u\is NA 
t- ■; X IMII:! 

Momeut of briauf'lu about iifulinl u\is 

- I’OfKJ X -'•liTf) 

- i-(!H ill.'* 


Tho inoduliiH area heloiv tho iieiitnil iixin must viiiial llit- uroii aliovi' 
=s 1 •()();} Hq. iu. 

The centre of gravity of tlui hmvr arra may bo ftmiitl liy nilcalatioii 
or by cutting out tin* iigurc iu cardbounl uml KUHjicmliug from tan 
pointH. 

^ 111 the oiiliirgfil Fig. liii, 



'vl™ 


Lfiigtli (’ll 
Area A 11 DC: 


I X 


I'lhT 


(•oi;i 
C'.IH ( l-IK 
<•» 

O’.Hdj sij. in. 

I" 


I 1H7 


i I ' • 

I ' I ' ' I 

. 1 .1 t u 

yi(i. (>0. 

'I'otal area below tlie m>u(,ra! axis 


■l•ol;| 


1-liK ill. 
Mh ill, 

■: 'i 

0 In. I III. 


Leiigtli MF - 
Area of triiiiigf 

(IFF ii'l.R.'i X Cl.''7 \ I. 

II'DI.N Kij, III, 


= (fRiiri -f- ifiiw - I •(Hi:; ki|. in. 

which corrcHpouds with the area obtaiin-d for the upiier inirlioii. 
Distance of centre of gravity of triangle (IFF below neutrul axis 

= ■ X C(H7 = (i'!i!il ill. 

Moment of triangle OFF about neutral axis 


= (l-DW X (l•ll!M ((•Dir in.' 
Distance of centre of gnuity of ABDC below Cl) 


111 . 


+ I'iiH) 

Distance of coutro of gravity of A If DO from neutral axis 
= (1-27 + 1'487 « 1-757 iu. 
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Mosaent of ABDO about neutral axis 

= 1-767 X 0-865 « 1*52 in.® 

and distance of centre of gravity of the lower modulus figure from 
the neutral axis 

_ 1-52 + 0-137 _ . 

TMa ^ 

Moment of lower modulus figure about neutral axis 

= 1-62 + 0-137 = 1-657 in.® 

Then moment of resistance of the section 

=/„(l-657 + 2-C«) 

= 4 - 337 /, 

or =/{l-003 X (1-65 + 2-675)} 

= 4-337/ 

Example 12 . — What dktrilmted load wdl a T 4" x 6" x y svippmi 
over a span of 6 feet, tlie worlmg stress {mtdmxmi shii stress) not to 
exceed 7 tons per sguare inch 

(1) When the 4 in. leg is horizontal. 

From the previous example 

M.E. = 4-387/ 

= 4-337 X 7 
= 80-359 inch-tons. 


Let w = tons per foot run supported by the beam. 
Maximum bending moment 


8 

w X 6® 


ft.-tons 


Note, — The moment of resistance being expressed in inches and 
Lons, the bending moment must also be expressed in those terms. 

Then B.M. = M.R 

Uw = ;3()-3r)9 
iv = 0’551 ton per foot run. 

(2) When the 4 in. leg is vertical 

l'’he modulus of section may bo readily calculated since the neutral 
axis passes through the centres of gravity of both rectangles forming 
the T. n 

= 2*72 
2*72 

Modulus of section = Z = = 1'36 

M.E. = 1-86 X 7 = 9-52 inch-tons. 



'rUo boudinp: moment will bo the niMue m above 

B,M. rr MJL 
(>i/r = a ht 

iv « o*l7<S ton jH*r 

M (mi tit/ np of jSWfioitfi . — The resiHtantM? to of a Ht‘<;tiou 

depends oilly on Urn dirtpoHitioii of the mulcriul normally to the neutral 
"fKI relative iHwition nloiifr the 

H . ^ Hectiiairt <jf moonvenient nhape, Hueh UH the 

^ ohunuel (jf Fi^. nr, an', iiumul t<t^eUuT along 

the neutral uxin beftH’u eonHtnmtiuK the moduluH 

figure. 

CtmatnuiwN of Motinhin Fif/utr for u i^uH 
II HiH'fitm, The tteutn‘ of gravity of flu^ Ke<‘tioii, 

M. ■». ■ > j A Fig. OH, in most readily found by eutting out the 

IlEiC T5 i Hoe.tion in gotnl quality eardhoartl, HUHptunling it 

'""'ivo CtI ' two pointH and finding whert* tlie vertieulH 

through those pointH ititerneet. Tin* n*ntres of 
gravity for the moduluH figures may also be found in this way. 

For any bori/.ontal layer, say ti b, proii*ct the extremities on to the 
base lino in IV, IV. Join IV,'!V to a point in tlie neutral axis, smih 
lines cutting the layer tj J, in -t, U Then the |M>intH I, 1 will la* on 
the boundary of tlm modulus flgun*. 'I'lui areas of tlie modiiliu iigures 
arc obtaimsf by tlu* aid <if a plauitm‘U*r <»r t^al<*atIaU*d by tin* aid of 
sijuarcd trut‘ing paper. The rail seetion in tin* figure is a"nfii-lb.s. rail 
<lrawn full sira*, and the moduhm works out 1 ineh units. 


Tauuk '‘JUk Mo.mknts ok Inkiitia AVI) Moori.i or Skithin'- 


MulUVUt (•( utKiUt 
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Mitthllun mI fti t tt 111 
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Fig. 68. 
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ISectloii. 


Mout«nt of )uf rtU hUuu( . MtHtuhia of Micdon 
nxUXX. mlHttlXX. 
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Shear, — ^When any system of forces acts on a beam it produces a 
vertical shearing action which tends to shear the beam in vertical 
planes, as in Fig. GO, A. The bending 
action creates differences of stress in the 
horizontal layers of the beam and 
thereby produces a horizontal shearing 
action between the layers. If the 
beam were composed of a number of 
separate plates, they would slide upon 
eacih other as in Fig. G9, B. In solid 
beams the tendency for the layers to 
slide upon each other is resisted by the shear stress in the material. 

The method of calculating the vertical shearing force at any vertical 
section of a beam has been explained in Chapter III. 

In Fig. 70 consider the equilibrium of a portion of a beam acdl 
lying between two vortical sections very close together. The horizontal 
forces acting on it are, the horizontal stress on ac caused by the bend- 
ing, the horizontal stress on bd acting in the opposite direction, and the 



a 




. N . _ _ 

- 

1 



dx 

- 




f 1 


Fig. 70. 



shear stress on cd, which is equal to the difference of the horizontal 
stresses on ao and hd, Th^oorizontal stress above dd at the section ad is 
equal to the area of the modulus figure above dd multiplied by the skin 
stress/ at that section. 

Hut B.M.„ = 1/ 

>J 

= B.M.,. X ■{ 

j Y 

Hiiniliirly at tlic section Ob' the skiu stress/, will bo 
/, = B.M,x| 

Let Aj be the area of the modulus figure above dd. Then the 
difference of stress at the sections aa! and bV 

= A//’-/) 

= ( 1 ) 

Let = area of a tlun horizontal strip distant neutral 

axis. 

The area of the modulus figure for this strip 
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Lot Ai bo tilts mm of nil Hiicsh unais botweoii // uiul a ; 

then A I «" 

The motiieat of the uivu alumt thts neutral a\iH -i: 

The total artsaof the mstsliou betwt'eii and t* s= A 
and itH inonioiit about tins uoutral uxia - 

List Y be the tlmtauas of tht‘ i)f Kri^'Vity of thw area from the 


neutral axin. 


'rimu 

A X Y =■ 



A 

< 

Alw) 

A x'y ■ 

// 


from which 

A. 

A X Y 
If 


Thts total Hhear alon^ rd will thfrt‘fore 

= ‘^ ^ (I) 

fiCt tlio width of Hi'olion r'c' = w ; 

'I'licu tho iiiteii.'iit!/ of Hhear on the plane ni 

.. A K V H M.„ - l{..M , 

I//' • <lr 

In tlui limit H.W., - H.M.„ - </ (H.M.). 

But tho total vortioiil Hhear >S on any heeiion 

ilr 

Th(*r(5fore f,- * I ( :0 

//’I ^ 


donHidor a Hiuall lectan^^nlar pn.sni of mahuiil in a loaded brain 
71), Tlus loatl uinl rrmstion prodiu-n Hiirar strrsHrH, artiiijj;' in 
<ip|)OHitn dirrrtioim on two vrrtU’ul HidrH of 
A tlH‘ nrlHiu. 

I cHtabliHh rijuilibrium t.h(*rr muHt bn 

I sl[ ]i» another oouplnantiiii^ on thrhon/.ontul fuonrt. 

I vrrti(»al rttroHs »S 

R horijsoulal ,, H, 

xfflli f*l [IJ L<‘tthn iuUsuHity of vertical HtrcHH « tt 

3r4i.lV"^ 11 11 hoimmtal „ 


Fm. 7 L 


H/; « 

HWd/j as HiWbd 


That is, the intensity of horizontal shear ou the material must be 
equal to tho intensity of vertical shear* 
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Therefore the intensity of vertical shear at any point in the section 
of a beam must 


InUmity of Vortiral Shear Stress on a Rectangular Beam Section . — ^To 
find the intensity at the neutral axis. 

l)d 

A = area of section above NA = 

T = distance of centre of gravity of area above NA 

from the NA = f 
i 

w = l 

1 = M. 

13 

. f _bil (I „ 1 12 

■•A-YXtxSxtXt-j, 


But is the mean intensity of shear on the section ; therefore the 

intensity at the neutral axis is one and a half times the mean intensity. 
Let the section of the beam be 10 " x 6 " and the vertical shear be 10 
tons. 

Then the mean shear intensity 
10 

— 0 = 0‘16C ton per sq. in. 

Intensity at the neutral axis 

= 2 X 0-1C6 ton per sq. in. 

= O-Sf) ton per sq in, x 
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By ualouktin^ the values of f, for ^ 

a number of other planes and plotting / 

them to a vertical line as in Fig. 72, ZIZZIZI 

a diagram of shear intensity for the 

section is obtained. The bounding Fig 72 

curve will be a parabola. 

Distnbvtion of Shea) Stress vi a Beam Section (Fig. 73). — The 
stresses at a number of horizontal planes may be calculated by the 
above formula and the values plotted to a vertical line, or the values 
may be found from the modulus of section. 

It lias already been proved that 

Ai = whence A = 

Substituting this in the expression 
.AYS 
lul 

f_Aj 2/8 

w' 1 
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Tho quantity w couHtnut for any jMjrticulnr vortical Boction. 

Tliorefore tho intensity of slicur Htrctw (»a any Iwrizuutal jilanc is pro- 
portional to the atm A| of thu portion of the iinHliilttH tlguro uitovo 
that piano divided by tlie widtii of tin* seutiun at tlio iilam!. At any 
piano fd, Ki}'. Tit, the inteiiRity will bo equal U» the Kliudetl inodulna 

area divided by tho width rd and multiplied liy the ttouhtant Tlie 



intensity diaffram may bo oouHtnictcd by (aileuIatinK a Hi'riojt (»f values 
of/, by the above method and plotting them to thitTine jx 

Tho diagram demonstrateH (I) tho Rmull intonsity of shear stresH in 
tho flanges (section lined on tho diagram), and (2) tho almost tsveii 
distribution of stress over tho web area. Tlie maximum intensity = OK ; 
the mean intonsity over the wbohs section => (III. When (lusigning 
beams with deep webs, tho resistance to shear offered by tlio flaugos is 
usnally neglected, and the web designed to resist the whole shearing 
action. 
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Example 13 . — To find the pitch of rivets in the flanges of a plated 
girder (Fig. 74). 

Let the section of the girder be, one 18" x 7" rolled beam with one 
12" X f" plate riveted to each i 2 %r/,iah 
flange. Span of girder = 24 feet. 

Load = 48 tons distributed. 

The maximum vertical shear 
will occur at the supports, and 
be equal to 24 tons. 

Sliear intensity at the hori- 
zontal plane between the plates 
and rolled beam 

_ . AYS 
toi 

!Fio. 74. 

where A = sectional area of plate. 

Y = distance of centre of gravity of plate from N.A. 

S = total vertical shear on section. 

I = moment of inertia of section. 

«o has two values 



= \7idth of plate when calculating the intensity in the plate. 

= „ flange of beam „ „ „ joist. 

Suppose the shear intensity along the plane under consideration to 
remain constant for a horizontal length of 12 inches. The total shear 
for this length would then bo equal to the shear intensity multiplied by 
the area of the plane. 

Area for 12 inches length = io x 12. 

Total shear stress for 12 inches length 

A 

= /; X 12//’ = , X 12//’ 

//»J 

^ 1 2 AYS 
J “ 

_ 12 X 12 X ^ X DtTj X 24 
2225 

= 9*04 tons. 


Let the rivets be ^ inch diameter. 

Resistance to single shear of one rivet = 3 tons. 
Number of rivets required per foot length 




O-Ol 

3 


= 3-01 


Pour rivets would therefore be used, and being in pairs the pitch 
would be G inches. 

The shear decreases to nothing at the centre of span, and therefore 
the pitch required would increase to a maximum at the centre of the 
span. It is not advisable, however, to make the pitch of rivets in 
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BTich girdorB more tliiin (> iiUjh<‘H, to avoid Itu'ul hucklinf^ of plafco, so a 
uniform piioli would bo thnmiiijhout llio full of the ^drilor. 

Notk.— I f the iMtariuK reKintanec <»f the rivetn he lesH than the 
8 h(‘arin|^ T(‘Hi 8 tantx), thti btMirinj^ ivKiHiioute inunt hu used iu tlui uhovc 
calculation in place of the Khearinf; r<tKiHtanc(‘. 

Types of Beams.— Wlu‘n^ lonir Kpmm lmv<* to be brid^^Ml beunm of 
correHpou(linf»;ly deep Be(!tionH are ruiu*Rsaiy. Stieh beutUH will take the 
form of lattice or plut<‘. |»[inltir 8 and i.h(! inethodB of desi^rn tla^Kc will 
botreat(Hl in RubHiMjuent chupterH, The preHciitelmpter will be reHtricted 
to e,omparatively hliort Hpau beaiuH of praetieuily eotmtunt Hcction 
tbrou^diout tludr lenjsdb. 

Timkr Ilmma un^ tu^ci'SHarily rttHtri(‘LtMl to reetun^rular (trohs 
sections, as the material doert not leml itHelf to the nhupinK ‘>ther 
forms UH does steel or eiist inun Knowing the hondiiu? umnu'uU and 
shearing forcjes to lu^ reKisted^ a nuitahle reetan^niliir nortion can lui 
directly determined hy (M|natin.t( the iiioimmt of reHistanee to tin* 
bcudinjj^ moment. 

Bending moment =- monumt of reHiMtumm 

nmduluH <d He<‘ti<m x skin stn‘sH 

breadth x ((h‘|»lh )- , . 

\ Hlvin stress 

The depth will usually In* made Home Huitahh* fnie.lioa of tlie Hpaii (Hr <5 
subso(iuent diHcuHHion in thin <*hup(er on ratio of (irpth to span ), the 
skin stresH will ho a known iiimntity <lenondimf on tin* kind ol timher 
used, leaviuf^ the breadth the only unknown fa(‘tur in the toivji^dinj; 
equation. In the followinji; tahh» the uHimah' skin stn^sses for tin* 
more commonly nsed timbers areuiven. A laetor of sutety siiiiahh" to 
the conditions nnder whieh the Innun is employed must be used in {M»n- 
junction with these values to determine the safe skin stress for insertion 
in the above equation. 

TIuiImm. UUliiut*' Mklu Ktri'iiH ! TIuiIm i MiiiimIi nKm Mimim 


Ash, MnaU**!* * 
Ash, AmoricNin 
Biroh . . 

Hooch . , . 

Deal . . 

Dim . . . 
(iroenhoart . 


I'u iH. i« ' wj In. 
114 

no 

102 

m 

H.l 

no 


Spruee , . 

OaU, Kin;le*li. 
I‘uie, yfiinw 
„ VtMl . . 

,, Mriuel 


cnill {K I ltl| III 

VS 

US) 

'iO 

72 

Vvi 

W 

me 


limmHj with their advantages (if additional Htnaijutli am! 
eijual rcsiHiauee in both tmision and (‘ompivssion, an* now mlopted 
throughout structural work in prefensice to thi* east and wrought iron 
beams formerly in ust*. The great variety of forniH into which ntetd is 
rolled and the eawo of riveting togi'ther combinatioim of these forms, 
presents the designer with a wide range from whieh to 8elt*ct the com- 
position of his beam. Single joi8t8 or channeln, wheie Huitable to the 
loading conditions, make economical beamH and lend theniHcIves to 
simple and clllcicnt connections. In eases where a wide bearing is 
required to support the loading, m in the case of lintels carrying 
thick walls over door or window openings, two or more joists can bo 
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placed side by side as at (a), Fig. 74a, and connected together at 
intervals by distance pieces or separators. 



Fig 74a. 


The strength of such a beam is equal to the strength of one joist 
multiplied by the number of joists in the section. The cast -iron distance 

S in no way alfect the strength and are provided only to prevent 
e motion of the joists. 

Where a single section is inadequate to resist the bending moment a 
combination of sections, examples of which are shown in Fig. 74:A, (h) 
to (e\ can often be advantageously employed, (b) is formed by riveting 
together a joist and two or more plates. Care must be taken when 
designing such sections to provide a suitable depth for the span of thq 
beam and also adequate shearing resistance in the web. (c) having a 
double web is suitable for comparatively short spans with heavy loading 
whore a high shearing resistance is required. It has the disadvantage 
that the surfaces between the webs are inaccessible for painting after 
erection. In beams of tliis type only three rows 
of rivets can be driven in each flange, leaving an 
undesirable width between plate and joist loose. 

This objection is overcome in types {d) and (ej, 
where one or two channels arc substituted for one 
or both joists. 

Variations of strength cau be obtained by 
adding to the number of plates, joists or channels. 

The flange plates need only extend along part of 
the length of the beam as required by the vary- 
ing bending moment The method of determin- 
ing the required lengths of flange plates is ex- 
plained in Chapter YI. when considering the 
similar case of Hange plates for the plate girders. 

The riveting of these compound girders mu^t 
conform to the shear rc(piiremenbs as already explained, and to prevent 
bu(d<lmg of the plates and liability of corrosion between adjacent 
surfaces the pitch of the rivets should in no case exceed six inches. 

In calculating the moment of resistance of compound beam 
sections labour is saved by using the tables of properties of ^ the 
standard rolled sections issued by the Engineering Standards Committee 
and generally to be found in the handbooks published by the leading 
structural contractors. The following table together with Fig. 75 
shows the usual method of tabulation. 

I 
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HTRI'OTIUIAL KN(JlN KKIUNO 


sue. HUuiluratliKkiieMff, 
Uftft>reno« No, ' 

AUd code word. ^ I ^ 

AX** *y , 

N.».,S.a 1 . ill. in. in. 

AbHOOHHion 8 X li 0*i<U) 0‘2-lH 

1 


& 


7 

' H I 

! " 

10 

lUdll, 

, VVrIuUt 
e»*r Ifiit, 
«• 

I 

''niUtiwI 
' Arm, tu { 

iVuirforgrAvIty. 

f’t 

*i 

I 


<v 

III. 

I ill. 

U««. 

in.* I 

(Ik 

til 

o-eno 

0 *UH) 

d'lH) 

I * 17(5 

0 

t 0 


u I Vi 

Mumeutu t«t liiettU. 

1/ I iir 

In.* I 111.* 

1*057 j 0 *lsii 


Ml u ' ir* I i« 17 


lUiUt of Ky<iiU«*n. I of ifhiMUiMo. \ 

i II, Ml. 

It ly ** I 


lit Ml io In 

1*JH7 , I’lOt'i UUlt't I 


In column I tlio code word and rcferiMiiM* numln*!- for uko when 
ordering Uio KccLion arc given. (Nduimm 2 to Io roijUin tlu* pliyHieul 
propertioH of the flection. In coIuiuih 1 1 and li* arc civon tin* nionientH 
of iuerlia about the axc.s X X and Y -Y. In asccrluiiiing tin* strength 
of a beam flection to resist c(‘rlain forccH^ the moment of inm'tia used 
will bo that about the axis normal to the forces. 'Phe least moment of 
inertia of a flection ifl also required in eohmm caIt*nlutionH (‘olunum 
ir> and 1(5 are here called momenlH of resiKtanee. 'Phi.s term muHt not 


be confuHcd with the moment of reHmtanee delined in tliis <’hup(er as 
being the modulus of Hcction multipliisl l»}' tin* .skin stresH 1 ’hi» 
tabular value, headed Monient of Reflintanee. is a(*timlly the modnhiH of 


the section, or The valucH are again given aliont l»oth aves. 

To Ufle the above table to lind what unifonnly difltrihuted loud tin* 
JV' X li" beam would flupport over a span of fet*t, (In* \seh of ilm 
section to be vertical. 


M.R. xf 


Let/= 7 touH per square inch, 


vrlr X I- _ 
8 


iMon X 


• toms per foot run. 


Note.— When using the formula care must be taken to 

express L in the correct units. If to be given, as is UHual, in tonw ]K*r 
foot run, the total load on the beam will be equal to wh tons where h 

is in feet. The bending moment in incU-tons will bo whoro li, 
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is the span in inches. Or taking L throughout in feet the formula 
must be mitten — ^ • 

Columns 18 and 14 contain the radii of gyration. This property 
and its use will be explained in Chapter V. 

Example 14 . — To find Hie modulus of seetion 
for a compound beam. I 

• Lot the beam be composed of one 20" x 7^" ” , 

rolled beam and two 12" x f plates riveted to j Bean * 

the rolled beam by f in. diameter rivets (Eig. x 

76). il»§“flafes 

Neglecting for the present the effect of the 
rivets. , 

The moment of inertia of the rolled beam 
about the horizontal axis, from the tables adlfPiyLB 

Ix = 1G71-291 76. 

Moment of inertia for the plates— 

Ix = 2(L + AR'*) 

= 2(^^^’ + 12"xfx(10*)=^ 

= 1505*7 in.'* 


Total Iv for the section 


= 1671*291 + 1595-7 
:= 3206*991 m.** 


The rivets in the flanges are staggered, so that not more than two 
rivets appear at any cross-section. If the rivet in the compression 
flange completely fills np the hole, the total area of the compression 
flange is not affected, hut the liability of having rivets imperfectly 
fitted makes it advisable, to ensure safety, to deduct the area of the 
holes from the flange area when calculating the strength of the section. 
It IS apparent that the holes through the tension flange wUl reduce the 
strength of that flange and must .be taken into consideration. The 
moment of inertia for the section will therefore be 3266 991 -Ix of 
two rivet holes 

For I in. rivets the holes are drilled in. diameter. 

The mean thickness of the flanges, from the tables, = 1*01 in., and 
may be taken to represent the mean length of the rivet in the beam. 
The total length of the rivet will be 1*01 -f 0 625 = 1*635 in. 

Area of cross-section of hole = 1*635 X = 1*58 sq. in. 

Ix of 2 rivet boles = + 1-58 X (9-8)'} 

= 294-567 in.'* 

Ix of section = 3266-991 - 294-667 
= 2972-424 
I 2972-424 
Modulus of sectiou = ^ = — 10 | — 

= 279-75 m. 
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Note.- •llivt'l. if not- Hyniim'tntiiilly itliictd, will olimigo the 
position of tlxi (‘I'litn* of uriivily of tlm w'l’tion, uiul thcrofon* ihu posi- 
tion of tint ncntnil uxm. In Hitch cnscn the iuIiIch ure of little iH-niifit. 

Batio of Depth to Span of Beams. -When Kclectinjtr the form of a 
beam suction diui ooimidoration nnmt b* puid Ui the tle(ith, iw it ih upon 
tliis pro|K!rty of tho Heetiou that the duliectioii of the la'am di'iwnds. 
Thu allowablo dollectiou viiricH with theclu>iH of work ami is lueaKurt'd 
in terms of tho Hiian. 'I’he rutio of defieiiion to »jinn for firat-elass 
brid(?i! work i.s as low hh I to ‘.',0110, whilst for Hinall Kirdoiw and rtdled 
Htcel joislH in onlinary ImildiujiH tin* ratio niuy be uh hijih ns 1 in •((),). 

hVoin 'I'able !J7, luigo .'toil, it will be Been that the inaKiimim deflec- 
tion of a iKiain of cuimtaul eruKK Hection 


wlioro e iH a factor varyiiifi: with tho tnethoil.s of loadiiij,' and end 
conditions of the beam. Hinee the beadiuK moment moment of 
roaistanoc 


or 


W/ _ /} 
<•' ~ !l 



U 


Hubstitutiiii? for W/ in equation (1 ) ; 

maximum delleetion 



l/V 

= SH\ O . . 

Iv/ 




For beaiiiH Hyuimetru’ivl about the neutral a.\iH// ,, , where 1) is the 

depth of (he aeetiun. 

Forsueh lieiinm tlie nmxiuium delleetion 


Tlio values of r are f'iven in Talile ’J" and tlioHc of r' in (51iap(,er 111. 
As an example kku the. eiute of a (Miitilever with a concentraled load at 
its outward end. 

Then r - \ and /= 1 

thoroforo a = 'c x r’ - ] x 1 - 

Other valuoB of rt : 


cantilovor with uniformly distributed loud « = J 

beam simply supported at ends, and central loud . . • « w 
„ „ „ „ distrilmtu.l load . .as 


To find tlio depth of a mild stool Iwum centrally loaded, if the ratio 
of doDoctiou to span must not oxeeud 1 to 1 000, the working stress to 
be 7 tons per siiuaro inob, and M to bo 1H,U0I) tons. 
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i.e. the depth must he equal to of the span, or if the span be 100 
feet the depth must be — 


100 
■ 11-57 


= 8-65 feet. 


The following table gives the ratios of D to L for mild steel beams 
for various ratios of deflection to span — 

/has been assumed = 7 tons per square inch 
B „ = 18,500 tons. 

Table 2C. — Ratios op Depth to Span op Mild Steel Beams. 



Defleotion 

formula. 

llalios of deflection to span. 

1 to 400 

1 to 600 

1 to 1000 

I to 1500 

I) 

Batios of 


^ Ezy 

1 

7 

1 1 

48 

1 

29 

1 

12 

y- -i 


1 

9-C 

1 

64 

1 

3 9 

1 

1 

2'6 

jW 

1 * — 1 


1 

29 

1 

19 

1 

lie 

1 

— . — L r 

77 

< — 

V L — -r 


1 

23 

1 

15 4 

1 

92 

1 

62 


The values of ^ for beams irj-egularly loaded will lie between those 

given for a single eoneentrated load at the centre, and a uniformly dis- 
tributed load. 


The values of j^for other values of /and E, say / and E,, may be 

obtained by multiplying the ratios by 

Flange Width. — Long beams unsupported laterally may deflect hori- 
zontally an undesirable amount due to the action of lateral wind or 
centrifugal loading if sufficient lateral sbijBEness is not provided. Such 
stiffness depends chiefly on the flange width, and since, in the majority 
of cases, the necessary stiffness cannot be theoretically determined, a 
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HTKiKn’uuAi, Kmmmim 


giinerally udoiitiitl practunil rulo ih to inukti tli«j witlUi at kuat X of 
the spacing Vtwtjcn Iat<‘ral Bupporta, UhhuII}' m*c<mdHry meiuberB, 
flooring joiHtK, oti\, will act uk lutoral wippcu'iH at whort intcrvalH along 
tho beam, in which cuhc tlw naccHHury flaugt* witlth to^ rt'Kint the primary 
bending moment will bo in oxcobh of tlu* ubovi* pnmtioal rt*(|uiromt'ut». 

(*Wniiediim.--ln all frainod HtruotnrfM tln^ diffmvnt momborK are 
fastened togetlier by iiuauw of uiigloH, plaios* tie., utul ooiincotiug 
rivetH or boltH* The avuilai^lo moUuidH of (*tinni’<*ti<*n will in Home 
cafiuH deUtrmino Urn lK‘Ht (ToHH-Hooriim of momlnTH to bo ouipbtyotL 
'Pho duty of a ootmo^iion in to truimmit f<»rivH from ono mt‘mbt*r of a 
Btrncturo to luiothor, and all iuamootiojiH luuBt roooivo tho Huino oaro in 
dufiigii UK tlu* mein!)orH thomKolvoH. 

The Kimphwt method (»f tammrtnig iM^unm h to ulh»w one hoani to 
rest on tho flangu tjf another ami bolt them Henirely tlinmgh the 
llangoH. Sue.h a eouneotion m ahown in Ftg, 77, A* if tlieie are two 
ImaiuH in limi roBting <m the main ginlor, it is ihuuI to fuHton them 
together by ineunK t»f tinh plab'K iit the webs. This inereuMes tin* lateral 
8 tiffn(‘HH of tho iH^uuHumi n-dnees the temlemw to hvirtt, Tapere<l wuhIhm-k 
should be phicetl under the lunalK and nutn <»i all In^lts lm\mg n hearing 


I 

I 


<P <t)iO 


^1 


B 


C D 





j 


Vhu, 77 . 


on the. iuHide fae.eH of beam llangeK, otherwise only a very small purl of 
tho head or nut will be. bearing <m the tlange. It is m>t always eon- 
vciiiont to allow tho H<‘eon<lary beumH to rest on the t<jp tlan o‘ of the 
main beam, and in sueli eases web <’onneetions have to li<* emphiyed. 
Fig 77, B, hIiowh the oonneotion of a oomparatively small beam to a 
larger beam. An angle or ton rivt'ted tt^ the wt*b*of the main beam 
forms a braok(‘t on whitdi tho Binall beam n*stH, ami io im'i'eaw^ tlu* 
stiffneSH of tho e.onmtotion oloats are bolte.il (,o the webs. Figs. 77, 
(), I), fihow other <u)nnoe,tioiiH where, the b\*ams are e»jual or nearly 
HO in depth. Although unusual, the. lower flange of a beam is some- 
tuucB joggled, 80 as to rest upon the tapon‘d portion of the main be im 
flmg(i(Fig. 77, 1)J. This method ia eostly, and does not gmitly innreaso 
the eilicioncy of tho conuccjtion. Tho angle eonm‘<Jti<mH betwtfen the 
wobs of rolled boams, and the number and spaeing of rivets in tlutm 
havo been Btandardbod, and may be found in any maker^H seel ion liook. 
When using such standard conttOfitioim, tint strength of tho rivets 
01 bolts should bo chcckt^d to onaare that the strength is at leaat equal 
to the shoaring force at tho connection. Bolts or rivotu in such eon* 
noctions may fail oLthor by shearing or crushing. Th e phtia^ g 

streny ^ih of a nvef; ia ftqnkl.-Jin nf multlp^ 
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by^the shearin g ftf por rivet steel the shearing 

strength is 21 to 22 tons per square inch, and factors of safety of from 
4 to 6 are usually^ adopted, giving a working stress of 4 to 5 tons per 
square inch. A rivet is said to be in single shear when for failure of 
the connection to occur, it is only necessary to shear the rivet at one 
section, as at a (Fig. 78). For the joint to fail in Fig. 

78, 5, the rivet must be sheared al ong two pla nes, or is 
said to be in double shear. Although the area dfmaterial 
sheared at & is twice that sheared at a, the strength of 
a rivet in double shear is found, in practice, to be less 
than twice the strength of a rivet in single shear. The 
strength of a rivet in double shear is from to If times 
the strength of the rivet in single shear, and in the 
following calculations will be assumed as times the 
strength in single shear. 



Let d = diameter of rivet in inches. 

/, = safe shearing stress of material in tons per square inch. 
S = vertical shear at connection in tons. 


Then the strength of a rivet in single shear = 

„ „ „ double ,, ~ a * 4 


Let n = number of rivets in single shear required to transmit the 
shearing force S, 


Then 


or 




If '/i' = number of rivets required in double shear 


u' 



8 

3 . 


7r(i% 


The resistance to crushing offered by a rivet is equal to the 
crushing (or bearing) resistance of the material multiplied by the area 
of the rivet normal to the force. The safe bearing resistance of rivet 
steel IS from 7 to 10 tons, say 8 tons per square inch. 

Let t = thickness of plate bearing on nveb, 

/a = bearing stress of material. 

Then the bearing resistance of one rivet = di/i, 

The number of rivets required to transmit the shearing force S 




dtfi 


The number of rivets required at a connection will be the larger 
value of n in the expressions— 
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9t 


IH 


if the rlvt‘t» iu Hiiigh' nheur 


or 


mid 


, « S 

- .M. 


dmthle 


H := 


S 

tftjl 


T 

0( 

)<l> 

<tjC 

)(t>* 
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«( 

>4> 
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In imujtico rivet holeHmroimunhnd ar<irilled ^\^ in, larpTindiamotor 
than Iho rivctn, and im the riv4'la Hh<»ultl lill np tlm Imlen, thus 

tlu* Hentitmal area of 
the rivi‘tH» hut eahmlutinnH for 
Kinnir Hhouhl la* lamed on tho 
tiri^imd diameter tif tlu^ rivetn. 
lUdt lioleB are drilled mmilarly, 
uuleHH H|K‘ei!ied l»e a drivinj^^ 
IU, and there in ulwajH a little 
uneTtuintv uk t<» the mmilmr 
really in ui’tion, For thin reantm 
more than are the()i(‘tieully 
nm’eKsury an* usually employed 
at eJumeetioUK. 

HXAMiM.i-; IfK To fintf tlw 
numhor oj ///. /e^/As and iinvh 
fYtjNifui at tho t'onnirtion of a 
:! r' X 7.^' ndtoii sfoof i nnn .s///;- 
porfinit a uniformlf/ dktrihnM fond of on tons, to anothn ham of 
HimHar dimomofn. 

The coniuajtiuf; an);j;leH to he riveted to the lH*am a, Fi^. 71», ami 
holbed to tlu* la*aiu Ik 

Tho v(‘rtieHl aheur at the eonneeti^m in e«pial tt> t-hi* reuetjon, ko 
touH. 

Tlui rivets liein^ in douhh* slu’ar, tin* Hheariu”: resistauee c»f on<* nv<*t 
Let f = f> tons jut Mjuan* ineh. 

The hearing: rcHistuiU'e of <*ne riv(*(- - dtf, 

whore t = thi(;lau*Hs of Wi‘h s= 0-0 iiudi. 

Lotyi* as H tons per Wjuari* ineh, 


Thou 


n =s 


X ten X H 


(say) 0 


Tho holts through the web of beam // be-ing in ainglo shtjur, tho 
shcariug rosistanco of ono bolt 




Thoroforo 


2r> 


4 X ar X r, 


(Huy) 9 
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The bearing resistance of one bolt = dtf^ 
■where t = thickness of angle = | inch, 


Therefore 


25 

I X i X 8 


= (say) 8 


The theoretical number of bolts required is therefore 9, but as 12 
may be conveniently employed this number ■will be adopted to allow for 
a number being out of action. 

The shearing resistance of the angles may be taken to be equal to 
the minimum area, along a vertical section through the rivets or 
bolts, multiplied by the resistance to shear of the material, although 
this value will be somewhat small on account of the resistance offered 
by the rivets or bolts to fracture at such a section. 

In the above example the sectional area of the angles along the 
vertical section through the rivets or bolts 


= 2 (19J - C X X i = 13-875 sq. in. 

The shearing resistance will therefore = 13*875 x 5 = 69-375 tons. 

This is greatly in excess of the vertical shear, but the thickness of 
angle cannot be much reduced, as such reduction would mean an in- 
creased number of rivets required in bearing. 

Joints in Tension Structural members subject to a purely 

tensile stress are usually butt-jointed, with single or double covers at 
the joints, as B and 0, Fig. 80. 

When only one cover is employed, 
there is a tendency for the member 
to bend near the joint, as at B. The 
better construction is to employ two 
covers at all such joints. 

Failure of the joint may occur — 

(1) By shearing all the rivets to 
either side of the joint. 

(2) By crushing the rivets. 

(3) By pulling apart the cover 
plate or plates along the weakest 
section. 

(4) By tearing of the mam plate. 





© © 


Consider the joint Fig. 80, A. 

Let t = thickness of member. 

/j = „ cover plate or plates. 

d = diameter of rivets. 

„ „ toles. _ 

= safe shearing intensity on rivet- 
= „ bearing „ „ 

w = width of member. ^ 
ft = safe tensile intensity on plates. 

T = tension in member. 


Then the shearing resistance of the rivets to either side of the 
joint 
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= for »i»glo cover 

= f<>^' double coverH. 

The bearing n^Bintance of the rivetn to (‘ither of tin* joint 

^ in moiuben 
- 20/A./i) in Hinglo cover. 

» * in double (‘oviou 

The reHiHlanoo of the* cover plate or platen to teuHion alotig the 
section 

- (//’ - for Kinglu e(»ver. 

r- for double, covers. 

The resinknee of the member to tennitm uUuig tlu‘ Heetion a 

The resistance in each of the above caHen lunst In* at hamt (Npml to 
the tension in the member. 

BxAMVnK U>.— /I milil hM hmum mm hr in Huhjvii to n 'puil of 70 
tOM, Dnhjn a miUtthlr Hwiion for thr mrmhr nnd also a butt Joint ivKh 
double cmw platen. 

The intensity of tensile stress U(»t U) cxeetMl 7 ttms pm* sip in. 

„ „ bearing „ „ h 

ji j> shear «> ,, 

Double sliear to be tiAeu ecpial t<» IJJ times single shear. 

Adopting a rivet (liamet<T of ; inch. 

The Hh(*aring reKisknee of one rivet - • U tons. 

Th<» number of rivets required to <’ither sid** of the joint 

IjoI. / = thi<’.kiiesH of nuanlsa*. 

I'hen the b(*uring resisknet* of one rivet. ; x / X h 

and for the bearing resistamus of th(» rivets to Is* (»([ual (,o the pull in 
the member 

(J X / X H)U = 70 tons 
from which t = 5 inch, say ;{ inch. 

Arranging the rivets as in Fig. 81^ the weakt^st set'tion at whitjh 
the member might fail would oc<mr at iuthcr a u or b- b. If the setstiim 
at ch-a be jissumed for the present us the weakest, let tr ^ width of the 
member, 

Then {w - x 7 = 70 tons, 

from which to « 14^27 inchoB, say 14^ inches. 

For failure to occur along the section &-/>, the plate must be torn 
along that section and the leading rivet sheared. The strength along 
l-b will therefore 

= (14-5 - 2 X M)3 X 7 + 5 
*= 71*» tons. 
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The member is therefore sta-ong enough along this section to resist 
the pull. 

The strength along the section e-e is greater than along the section 
Ji-h, since the reduction of plate area for the extra rivet in the section 
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c-c does not weaken that section to the same extent as the shearing 
of the two extra rivets along h-b increases the resistance to failure 
along c-c. For the same reasons failure would not take place by tearing 
of the member along the sections d-d or e-e. 

The joint may fail by tearing the cover plates along e-e, or by the 
crushing of the rivets in the covers. 

Let ti s= thickness of each cover. 

The resistance to tearing of the covers along e-e must be equal to 
the pull on the member, or 

(141 _ 4 X X 7 = 70 tons 

from which = 0 4(), say 0 5 inch. 

Since the combi ued thickness of the covers is greater than the 
thickness of the member, the bearing resistance ot the rivets m the 
covers will bo greater than the bearing resistance in the member, and 
failure would not occur by crushing of the rivets in the covers. 

Examples of such joints applied to the ties of lattice girders will be 
found in Fig. 210. 

Riveted Ccmuertions subject to Bending Stresses. — Suppose, in Fig. 82, 



a cantilever L inches long to be loaded at its outward end with aW tons* 
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Then tliu boiulhi^ ni(»muiiit at Uii' (Kmncjttioii of the nititUovor with its 
support =s WIj iiioli-toim. 

This iM'ndint? iiioiuont tciuls to protluot' ii rotiition uiiout a hori- 
zontal axis pcriti'iidieiilar to X- X, anti subjatits tint rivtits uloiiji; tho 
section Y -Y to a horizttntal shtairiii;? striw, in iwbliliou to tho vortical 
stress tluo to the vertical shear at the start ion. Tht* inomcut of the 
horizontal shcarinK stresst*H in the rivets tiltmjr Y Y alitnit the hori- 
zontal axis tlirtniffli X- immt et|iia! _ tlit! btoitiiii),' mtmient at the 
setition. 'I’lit! moment t»f inertia of rivet c about the axis thromili 

x-x-i„-f«y‘ 

whore 1 |, = niomtmt tif intsrtia of Uat rivet section atiout its Itinini- 
tiulinul axis. 

<t =a area ttf cross-setiion of rivet in shear. 

;// — ilistanoo of centre of ero-ss-sfei ion ttf rivet from tint axis. 

Hintic 1(1 is very small etnuiiaretl willi «//“, thtt mimnsiit of itiertia 
may l»o ctmsitlered etiiial to «//'. 

The sum of llm mtmtenis of iuertiit t»f tlii‘ system of rivets will 
then — 

SB -■ II -l- //," -I- ete.; 

Lot /, = maximum horizontal shetir stress in outernuist rivet. 

// = distantu! t)f ettnlrtt tif tluit rivet from l.lie axis. 

Tlion the moniont of rosisttintst) of the system of rivets 

~ - 'y'd.'/' I !h" i cti!.). 

Thdnjforc tho hoiulini.,^ nioinont at tho Httclion mimt 

SB B.M. -- •^'''(//'' d- //,■•■ i- elo.), 

from which tlio iiuiximuiu homontal Hhoarin^j: Htrcs.s in tho rivots k 
oblainablo. The vortioul Hiiour will ho equally dmlrihutod ainoii«rst th(‘ 
rivetH. 

]j(*t = the nmxiauuii intouhity of hori'/jontul ntri*sH. 

yi, = thti intoimity of vtuiical niroHs. 

Thou tho maximum Htreas on tho rivotw will hi‘ tlm rosultaut of/„ 

and/. = 

Tho hoiuhnp; moment alno pro<luoeH toimiou iu tho rivtin above 
X-X, iu tho other piano of the oounootiou. 

Then H.M. = M.R. + ,/ 'J + y//, ote.). 

ExAMjmK 17 . — Let the of l/io mitikvcr he ft feet, and the laud 
2 tone. 

Tlio bonding moment at tho connootion 

=sr)Xl2x2=5i20 inch-tons. 

Assume a depth of 21 inohes for tho beam, and let it he oonnoctod 
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by fcwo angle irons to the support. The moment of resistance of the 
seven rivets of | in. diameter along the section J.-X, Fig. 83. 

Since the rivets are in double shear, the area a will be equal to 
twice the urea of the cross-section of a fin. rivet = 2 x 0’6 = 1-2 
sq. in. 

Then B.M. = M.R. to shearing. 

120 =/. X 1-2 X 

/. /, = 3-57 tons per sq. in. 

Let fi = maximum intensity of bearing stress on the rivets. 
ai = the bearing area of one rivet. 

I = thickness of web plate. 

Then x | in. 

The moment of resistance to bearing of the line of rivets will 


Let the thickness of the web plate = f in. 

Then Oi z= | x | = 0'38 sq. in. 

Again B.M. = M.R. to bearing 

120 =/j X 0-33 X 2(^-— g-— ^ ) 
fu = 12*9 tons per sq. in. 

This IS in excess of the safe bearing stress, and either more rivets 
must be used or the web plate thickened to give a greater bearing area. 
Suppose a second line of rivets be used, Fig. 83, 


then 


M.R. X 0*33 X 21 






120 =/5 X 14*48 

and fb = = 8*28 tons per sq. in 

This stress would only occur on the two 
extreme rivets, and may be safely adopted. 
The addition of the second row of rivets 
will decrease the horizontal shear stress in the 
outermost rivets to 2*36 tons per square inch. 
The total maximum shear in the rivets 



= +// = V (2-3C)“ -h 

= 2*862 tons per sq. m. 
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Tbe moment of reeistance of the rivete elonK the line* T«Y 

120 =/. X 0-0 X 4('‘ + " ^ ” ) 

/, as H'fiT Umn iKsr wj. iu. 


t.e. the maximum tmiKhut on the rivetx m munlt below tlm Biifo working 
strosa, and a reduoud numlxtr might Iw aafely oduptud. Only tho 
rlvota in the ii])|)ur half of tho ooimeotion are HtrunHod undor tho himd* 
ing action, the iHuring of tho hack of tho bnu'kct iipaiiiHt thu column 
rolioviug thu rivuta in thu lower half of the longitudinal atruHH. All 

the fourtuun rivets arc aubjwt to a aliglit vurtiud ahuar atroHa of mean 
*> 

Intenaifcy ® | ^ ^ inch, ho that the m’tual 

maximum intoimity ol stroHH will Im alighlly in oxivh^ of ;pr»7 tuna jut 
H(| uaro inch* 

KxAMPnw I«.— Design of Floor for Warehouse. Hnpoowt tin* oiit« 
line iu Fig* 84 bo tUo plan <jf a floor of a warijlioUHc. for wnuih a tli sigu 

in rt‘t|uirwl* 

'rho iirKl tnmHitloratioa m tho 
kiml of floor to Ik* adoiiUul ; 
whothor fireproof or in>t. It will 
Im‘ HuppoHod that a liivproof floor 
M not r<‘i|uirtt(l, and an co'dinary 
timlH‘r floor wupporttMl on Htcol 
InnuoH iH (lo(‘i(h‘il upon. 

Lot tho fhtiiuatod livo load on 
tho floor ht» oquivalont to a dead 
loud of li cwtH. pi‘r Hquaro foot 
of fl(H)rar<‘a. The dead lojul may In* 
iU^onniiiod hh tho dt*Hign prooro<lss 
A Hiutal»lt‘oovt*ri«g for tlio floor 
would bo IJ in. fhmriii'C mnnirod to 
Il"X<r timbor joiHU Hpaood at 
I' if (umfcroK. 1'lu* Kpan of tho floor 
joinlH will Im ilotorminoil by their 
depth. Kor HtilTnoHH tho Hpan nhould 
not cxo(*ed lO timoH tho depth ; 
therefore thu maximum npau will Int 
10 X 1 1" * 0' 5i"* The animgomont nhown iu Jiho figure makoH Uio 
maximum span 0", or 8-0 times tho depth of tho joists. 

Strm in Timber Floor r/ow^^r.—fiach floor joist suptmrta an area of 
floor a IV X 8' w 12 sq. feet. Load on each joist 

Weight of flooring » 12 x x 516 « 62*6 lbs. 

„ one joist » j| X 8 x B6 « 62^5 ^ 

Live load « is x 4 x 112 •» 261 6 „ 
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Total distributed LCMid ssz2l&\ 

say# ig ewis. 


BEAMS 




■Weight of timber has beeu takeiyas 86 lbs. per cubic foot. 
■Max. B.M.= 


8 

_ 19 X 112 X 8 X 12 
8 

= 25,530 ia.-lbs. 

Modulus of section of joist = ^ ^ — 


= GO-5 


25 5S6 

Maximum stress in the tilnber = -stts" = ^22 lbs. per sq. in., 

oU'O 

which gives a factor of safety of about' 10. The timber joists in the 
offset bay having less span would be stressed to a less extent, but for 
uniformity 11" x 3" joists would be adopted throughout. 

Let the working stresses for the steel beams be — 

ft (tension or compression) = 7 tons per sq. in. ^ 
f (shear intensity) not to exceed 3 tons per sq. in. 

Primary Beams^ a, 13' G" long. — The maximum loading for these 
beams would be as shown in Pig. 85. 


Reaction from each timber joist = 9‘5 cwts. 
Load at each bearing =19 „ 

Reactions = 85*5 „ 

Maximum B.M. (at centre) 


= 85*5 xG-75-- 19(1-5 + 3 
= 292-125 ft.-cwts. 

= 175-275 in.-lons 


175-275 


Modulus of section roiiuired = 


= 25*04 


+ 4-5 + 6) 


The depth of the section is controlled by the allowable deflection, 
which may be taken in this case 


as 


of the span. The depth 
from T able 26 would require to 
be about ^ of the span, since the 
loading approximates very nearly 
to a distributed load. 

.*. Min. depth = 


t 




1 


/5 6 


Fia 86, 


13-5 X 12 
23 


= 7 in. 


Referring to a list of properties of beam sections, it is found that an 
8" X 6" X 35 lbs. section has a modulus of section 27*649, also a 
10" X 5" X 30 lbs. section has a modulus of 29*187. The 10" x 5" 
beam would be stiffer than the 8" x 6" beam and there would be a 
saving in weight by adopting that section. 

The dead load of the beam = 80 x 13*5 = 405 lbs. 

Total reactions wopWTihen = 85*5 + 1*7 = 87*2 cwts. 
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Allowing for thw oxtm dead load tbo modiilua of nootion required 
would 1x1 iuorouxocl to sri-fil, but Htill rotiiuiii below Ibut of tUo beam. 

Area of the web of beam » 0'!M5 x X'H 
s= Htj. in. 

Average Bhear on web = .j.jj.jJ, ^ 

= I '.'(7 toiiH per mp in. 

TUo web is tlxirefore ntroiig enough to reHixt the Hliear. 

Primanj Ilfum, A 1 2' ()" /wo/ (Kig. Hti). > 'I’lie load at etieh bear- 
ing of joiatH will be aa in the piH'vious e^iao 111 ewta. 

Itoiuitiona = 7ti <!WtH. 

Max. B.M. (lit centre) 7l! X (I - lb (tl'7fi j 'P'JU -}- :i7/» -f fear,) 
. ;iaH fl.-ewla. 

- KlIbH in.-tuiiK. 

. . ■ . ibC.-H 

Modulua of aectum required - „ 

- I'.i-.'tl 

A beam 8" x X -H'oa llw. aection having a niodnltta e(|nu] to 
22‘!l!»'.» would be atrong enough, but the difl'ereiie.e in weight of an 

f/4 4 twh 

I •' 


0 0 i$C0t4 




* n' ‘ 

HO. 


fU4 fUS tM4 twh 

»: 1 »' 1 »' i 

I 1 s 

1 - 


Klu. H 7 . 


H" X 5" and u lo'' X -V' hvcIuhi m only l‘U7 lbs. jkt foot, and .ho for 
iiuifonnity tho 10" x X ‘-iO-OO llm. Koctioii would 1 h‘ udo^»l♦•d. 

Woight of boaiu * 0*-* owU. 

'rotal rcactiouH = 77^5 <nvtH. 

Shear on w(d) = \'"2 touH por h<|. in. 

Hmtns, U H7). lUnwition from ouoh primary boam it 87*2 
CWtH. 

Load at each Imarin^j: = I74*'l owta. 

KeactiouH = 2(11 *0 cwLh. 

Max. B.M. (at centre) = 20 1 -(I x 1(1 -I7-I-I X H 
=s 27i)0M ft..(!\vtH. 

=s I ( 174 *24 in.-touH. 

ModuluH of section required = - » 2811*18 

u-; y 

Min. depth = ’ " = lO-? in., say 17 in. 

No standard beam section 1^ the required modulus. A broad 
flanged beam 20" x 12" (nominal size) x 1)18 lbs. having a modulus of 
seonon of 272 might be adopted. 

Weight of, beam a. 1*97 tons. 
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Bending moment at centre due to weight of beam 


_ 1-97 X 82 X 12 
8 


= 94-56 in.-tons. 


Total B.M. at centre = 1674-24 + 94-56 
= 1768-8 in.-tons. 

Modulus of section required = =252-7 


The 20" X 12" beam is therefore strong enough to resist the bending. 
Area of web = 16-5 X 0-76 = 12-54 sq. ins. 

Total shear = 14-065 tons. 

Average shear on web = 1-1 tons per sq. in. 

Beams,/ (Pig. 88 ). — Reaction from each primary beam = 77-6 cwts. 
Load at each connection = 155-2 
cwts. a' I a’ i a 

Reaction = 232-8 cwts. i i i 

Max. B.M. (at centre) X 52 ' 

=232-8 X 16 155-2 X 8 I'm. 88. 

= 2483-2 ft.-cwts. 

= 1489-92 m.-tons. 


asi arA 

a' 




Modulus of section required = — = 212*86 

Min. depth of beam = 17 in. 

A 24" X 7i" X 100 lbs. beam has a modulus = 221*231 
Weight of beam = 1*43 tons. 

TVT T> TIT J X • l_x iJ X 32 X 12 

Max B.M. due to weight of beam = ^ 

= 68*64 in.-tons. 

Total max. BM. = 1489*92 + 68*64 
= 1558*56 in.-tons. 

Modulus of section requned = — = — = 222*65 


This is slightly in excess of the modulus of a 24" x 7^" beam, but as 
the maximum stress would only be = 7*04 tons per square inch, 

this section may be adopted. 


Total reactions = 12*355 tons. 

Area of web = 9*6 sq. ins. 

Average shear on web = 1*28 tons 


I 


I 


t64 a cw^s 


\ 


T- 


per sq. in. 

Beam^ e (Fig. 89) — 

Reaction from each primary beam 5 = 77*6 cwts. 
„ = 87*2 „ 


-32 

n’lG. 89. 


31 




Load at each connection =164*8 


K 
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Eeactions 2*17*2 cwts. 

Max B.M, (at centre) = 217*2 X 11*» -134*8 X 8 
=5 2(J3(;*8 ft..cwt8. 

= 1582'0H m.-tona. 


Modulus of section required = 


1 582-08 


f2G-0l 


Min. depth — 17 in. 

A broad flanged beam will again bo suitable ; 10" x 12" x 128 lbs 
has a modulus of 2*1 1. 

Weight of beam =? 1*8.8 tons. 

1*88 X 22 X 1*2 

Max. U.M. due to weight of beam ^ " 

r 87*81 in.-touH. 

Total B.M. 1.582*08 + 87*81 
l(U5li*U2 in.-toim. 
niU0*02 

Modulus of Hcetion required - • ^ — 2.88'5(; 

whioh is hm tluiii the modulus (»f the Ixsanu 
tV i 7V 1 yV Total reactions = 12*27.5 tons. 

iU',... ^ Area of web = 1 0*2.5 stp-iii. 

— #1 Average shear on web 1*2 tons. 

Fi<». 00. ' • itvaiM.tj (Kig. Uo). 

15 V 7 '5 

Load on floor joists in oiTset — ' * su 17*8 owts, 

8 

Total load on eiuili primary beam - 17*8 x 8. - 1 12* 1 ewts. 

12 X 20 

Weight of each primary beam -= * ^ s* 2*2 <'Wt8. 

1 1 

112-1 I 1!'2 

ItoactioJi from each {»riitiary Iwivtu s - 72'H cwtH. 

Load at eaeh fionneotiun - Il.VlicwtH. 

IlciKituirirt of Ik*iuu// ■ MffH <!\vtH. 

Max. B.M. duo to loads (hetwwin loads) 1 Ifi'ti x 7-f> 

; ft.-<-WtH, 

j- (iri'l-tli; in.-t()HB. 

Modulus of Bcctiou riKimred - ^ 

Say 1ft" X 7" X Tf) Ihs. with modulus of 127-7. 

Weight of beam = lf7r» ton. 

ij-»r 1 i. - w f 1 X X la 

H.M. duo to weight of beam = ■ 

=: 25-m in.-tous. 

Total B.M. = afciU + 

ss (iKO-27 in.-tona. 

GH()*S7 

Modulus of sectiott required =a — «* 117*18 

Total reactions s 7*655 tons. 

Area of web = 8*8 sq, in. 

Average shear oa web * 0*87 ton per sq. in. 


-= u:»-5C 
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Bmti h (Fig. 91). — 

Reaction from beam / = 12*355 tons. 
Reaction from beam g = 7*655 „ 

Total load at connection = 20*01 „ 


2MI , tom foia 
/*' 1 «' 1 «' 


■■ "" Fig. 91. 

Eeactions of beam A = 20*01 „ 

Max. B.M. due to loads (between loads) = 20*01 x 12 

= 240*12 ft.-to]is 
= 2881*44 iii.-tons. 

Modulus of section required = — = 411*64 


Minimum depth. = 


36 


7 

X 12 


28 


= say, 19 in. 


A compound girder, composed of two 20" x 7^" rolled joists, with 
one 16" X I" plate riveted on each flange, has a modulus of 460. 
Weight per foot length of girder = 252 lbs. 

Total weight of beam = 4 05 tons. 

T. nir n . • 1.. 4*05 X 36 X 12 

B.M. due to weight of beam = g 

= 218*7 in.-tons. 

Total max. B.M = 2881*44 + 218*7 
= 3100*14 ini.-tons. 

Modulus of section required = = 442*9 

Total reactions = 20*01 + = 22*085 tons. 

Area of webs = 21*6 sq. in. 

Average shear on webs = 1*02 tons per sq. in. 

Pitch of rivets in flanges. 

Number of rivets required per foot (see Example 13) 

= — -T- R (R = 3 tons for rivets) 

_ 12 X (16 X f) X 10^" X 22*035 
4888 X 8 

= 1*9 rivets f" diar. 


As the pitch should preferably not exceed 6 inches, a 6 -inch pitch 
will be adopted. 

Comections.—’To avoid having too great a depth of floor the beams 
must be fastened together by web connections. A suitable arrange- 
ment is shown in Figs. 92 and 98. 

The theoretical requirements for resisting the shear only have been 
exceeded to add lateral stability to the connections. For example, at 
the connections of the beams / to the girder A, the theoretical number 
of I in. rivets in double shear required through the web of beams/ 





1 ) 8 . 


Staring m Walk . — The length of bearing on walls shonld not bo 
less than the depth of the beam, and a roinimnm length of 8 inches 
should be allowed for beams of less than 8 inches in depth. Bnpposo 
stone templates be used under the ends of all beams resting on walls, 
and the safe-bearing pressure on.suoh templates be Ih tons wr square 
foot. Diriding the reactions of the beams by 15 will give the bearing 
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area required, and again dividing by the flange width the required 
length of bearing is obtained. In each case of the present example, 
the length of bearing required by such calculation will be less than the 
depth of the beam, and therefore the bearing lengths will be made 
equal to the depths of the beams. 

Angle runners are riveted to the girder h for supporting the ends 
of the timber joists. 

Beams under the Action of Non-parallel Forces.— In the foregoing 
discussion on the resistance of beams all the loading forces have been 
acting parallel to one axis of the beam section, but cases frequently 
arise in which the forces are not all parallel, and the distribution of tjie 
stress on the section is then materially altered from that in the 
previously considered beams. 

Suppose a beam, the section of which is shown in Pig. 98a, be 
simply supported at the ends and be acted upon by two forces F and Fi 
acting in the directions 
indicated. The force F 
deflects the beam in a 
downward direction and 
produces compressive stress 
in the material along the 
top side AB and tensile 
stress along the lower side 
CD. Likewise the force 
Fi deflects the beam side- 
ways, causing compressive 
stress along the side AO and tensile stress along the side BD. At the 
corner A both forces create compressive stress, whilst at the corner B 
the forces induce stresses of opposite sign. The maximum compressive 
stress will evidently occur at A and be the sum of the stresses induced 
by the two forces. The stress at B will be the algebraic sum of the 
compressive and tensile stresses caused by the different forces and may 
be either compressive or tensile, depending on the comparati\e 
magnitudes of F and Fj and the resistances of the section about its 
vertical and horizontal axes. Similarly the maximum tensile stress will 
occur at the corner D, and the stress at C may be found by summing the 
compressive and tensile stresses as at B. 

Example. — A greenheart ham 14" deep, G" ivide and 10 feet span 
%s simply supported at the ends and loaded with a re) heal load of 10 cuts, 
per foot run and also a horizontal load of 3 cwts, per foot run* Find the 
factor of safety if the ultimate shn stress of yreenheai t le assumed equal to 
174 cwts.per square inch. 

Eeferring to Fig. 93a, the vertical load corresponds to the force 
P and the horizontal load to the force Fi. 

The maximum bending moment produced by P 



Fig. 9Sa. 


_ 10 cwts. X 10 X 120 in. 

8 

The modulus of section resisting this bending = 


6 X 142 
6 
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Therefore the luaximmn akiu Htroiw prodaccd by K 

_ 10 X 10 X lao ^ <5 + 7,(j j,j_ 

« <; X II* ‘ 

By tUo Haute luotltod of civluulution lltu maximum Hkiit Htress pro- 
, , , „ « X 10 X 120 ^0 A , ,1 . 

ducod by t’l = - ^ 1 1 x 0* ~ “ '* 

The maximum HtrcHHun protiimt'il liy the coinbined forces are : - 


coinpressiyo at A = + 7'fi f .'f:! c- + 12'li cwta. per wi. iu. 

tensile at 1) = - 7'0 — fr.'t .= ~ I2'!t „ „ 

Factor of safety = = liOO 

The stress at B = + 7'(i cwts. j^r kij. in. iuduoed l»y F 

■“ i» i> » Fj 

+ 2':i „ „ „ F and Fj; 

'I'lio stress at (J «= - 2-:t <*wl.s, per s(p in. 

Tlie inaximuiu sluiariujj stritsscH at the ends of the ))eam are, the 
resultants of the stresHw jirodtieed by tlui_ loads separately, 'i'he avtsrage 
shearing stress at the tmds in the foregoing (>\ainple 


^2 


11" X 


= 0i)2 tnvU per wq. in. 

The rcaobioHH at the emln of tht* Imam luve horizoatul componimtH 


1) CWtB* X \0 
2 


=5 I,") cwtH., niul provimoii uumb Im madt* for tluw* ro- 


actioim in Htsmrinj? the ends lateral displaociucnt. 

Where oonsiderabh! horizontal of a Ix^am (xxMirs, as in Iluj 


above example, the necessary width of the Ixuim should ho d(‘ti'nnined 
in a similar manner as for tin? dejith, as explaimxl on i»ai;e 1 1 1;. 

The loadin*^ forces on heaiim may be iue.lined to tie* priimipal axes 
of the section, m in the case of the d<‘nd load on tint roof purlins in 
Kxample 115 ; bub such forces can lu* rt‘Holve(l into e()mpon(*ntK normal to 
the principal axes of the section and tin* components treaU^d as mqiarale 
loads correspomlinji: to the loads in th(‘ forej^oiu); exatnpli*. 

Combined Bending and Direct StroBSOS. Tlut win^ht of individual 
members of framed Htructures, or loads imposttd on such members 
between the panel points, may produce eonsidcTable bending stresses in 
the material in addition to the stresses resulting from the panel iminb 
loading. With porfectly designed conuections the direct stresses arising 
from the frame loading are distributed equally ov<tr tlm cross Hcctiou of 
the member, but any bending sbreSHos there may Ik) will vary in 
intensity and sign about the neutral axis of the sei^tion. t-ombining 
the direct and bending stresses will result in producing a maximum 
intensity of stress greater than the direct stress alone. The distribution 
of stress on any cross section can be obtaiiuxl hy calculating separately 
the bending and direct stresses and summing them algebraically. 

The effect of secondary bending in compression members will be 
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more fully treated in a subsequent chapter. In tension members 
secondary bending stresses often restrict me length of such members, 
and in some cases make it advisable to introduce redundant members to 
reduce the effect of the bending action. (See example of roof principal, 
page 335, in which such a member is employed from the ridge to the 
middle tie.) 

Improperly designed end connections are often a source of bending 
in members that otherwise would be free from bending. For the stress 
to be equally distributed over the cross section of a member of a frame, 
the rivets in the end connections must be distributed symmetrically 
about the line through the centre of gravity of the section. 




Fig. 93b. 

In Fig. 93 b (a) the tension member T is connected to other 
members of the frame by means of rivets and a junction plate 0. The 
calculated number of rivets required is, say, five. If disposed as in («) 
their combined resultant line of action falls to the right of the centre 
line of the member and will produce a downward bending action and 
resulting bending stresses in the member. The bending moment 
produced is equal to the total force on the member as found from the 
frame calculations multiplied by the eccentricity of the line of action of 
the rivets from the centre line of the member. The bending stresses 
can then be obtained as in previous beam examples, and the maximum 
stress on the member derived by summing the direct and bending 
stresses. If the rivets be redistributed as in (b) there will be no bend- 
ing on the member, which will then have only the direct frame force to 
resist. 

Machine frames, crane hooks, etc., in which the member itself is not 
straight throughout its length, are other examples m which secondary 
bending stresses play an important part, and must be taken into con- 
sideration when designing such structures. 


(JH AFTER V. 


coumm AND STRUTS. 

SmuOTXJHAL liiouibcTH wliicU are exinwcul to coinpr^HHivt^ HtroHH in tho 
diroction of thoir Imigth are ttliwstul goncrully an columiiH ()r Hlrutc, 
the term colutun, pillar, or Htanoliiou Ihuu^ niort* ummlly appluMl to tho 
main upri^ifhtH of framed buildin^H, whilst ooinpruHKiou nunnbora of 
girders and fcruHHOH are referrotl to an HtrntH. Tlui praotittal doaign of 
compression mcmberB, cHpecsially thoHo in whi<di the haigth in gntub 
compared witli the oroHH**8u<Jtio!ial tlimonHioiw, ia relatively a more 
difUcult problem than in the aiKcs with the majority of Htruetiirul 
memberH, Hince theory does not furninh ho reliabh* a guhle and con- 
siderable judgment and ex[K*rience are very eHsential. 

The mathematical theory nj^ardiug the Ktrengtli of columim huH 
been ably and thoroughly deveU>ped by uumtTotH inv<stigatorH.^ It. Ih 
based, however, on vuriouH aHHumptiouH whi<*h ant mjver realized in 
practices and tho abwmco of one (»r mon* of these aHHumptiorm 
matorially affe(;tH thii cai)ahility (»f n*HiHtan<‘e of the column. The 
assumptions made in n^gard to the ideal or tluton^titnil column art» uh 
follow ; — 

1. I\‘rfcct HtraightniMH of tlm phyHicml axis. 

2. The load is couHi(len‘(l hh a purely (Jomi>reKHive Ktre^H acting along 
tho axis of tlie column, or, in other words, centrally appli(*d. 

Jh Uniformity of eross-Hcotion. 

4-. Uniform modulus of elasticity of tlui material of whic.h the 
column is constructed, throughout tlic whole length of tlu^ column and 
over eviiry i)arb of any <TosH-He<5tion. 

It is Huniciently difllmilt senmbly to realize th<»Ht» <‘<mditionH in a 
carefully j)n‘pared and uiouut<*.d Uist column, whilst it is (^Ttain that 
all practical columns and struts fail to comply with at least one and 
usually more than one of these conditions, (lonsiderablc disiuH^paucy, 
therefore, exists between tho theoretical strength {)f a (column as 
deduced from mathematical considerations and the pny*ti<*al strength 
obtained by methods of testing, or from the observation of <iolumnH 
which, have failed m mtu. It is important, however, to hear in rniml 
tho above conditions, since the degree in which they are realized in any 
particular column furnishes a valuable aid to jmlgmetit in deciding to 
what extent tho mathematical theory may bo relitul on. 

The material employed and method of manufacture largely itifltienco 
the degree in which a practical column will tend to realize Urn above 
conditions* No material, however carefully manufactured, is perfectly 

3.86 
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uniform in structure and elasticity, although a very high degree of 
uniformity is realized by modern methods of manufacture in the case 
of mild steel, and too much emphasis has frequently been laid upon 
the variable nature of the material in accounting for the discrepancies 
between theory and practice. In the case of wrought iron and mild 
steel the effect of cold straightening is to locally strain the material 
beyond the limit of elasticity, with the result that the stiffness of the 
fibres overstrained in tension is considerably lowered as regards resist- 
ance to compressive stress, and the fibres overstrained in compression 
are affected similarly as regards their resistance to tensile stress. Per- 
manent internal tensile and compressive stresses are thus set up in the 
material, the effect of which is by no means insignificant. Conclusions 
regarding the resistance of columns, deduced from experimental tests, 
may further be materially affected by the previous history of the 
material. The following instances of the influence of history of 
material have been given by the late Sir B. Baker in the case of 
experiments carried out on solid mild steel columns, thirty diameters 
in length, showing that the resistance varied according to previous 
treatment, as follows : — 

, Tons per sq. in. 


Annealed 14 5 

Previously stretched 10 per cent. . . 12*6 
„ compressed 8 „ . 22*1 

„ „ 9 „ . . 28*9 

Straightened cold 11*8 


The general adoption of machine riveting in the case of built-up 
members is another frequent cause of local initial stress, as well as of 
initial curvature. The effect of riveting up an assemblage of plates 
and bar sections is to cause the various bars to stretch and creep past 
each other in different degrees. This is most marked where light and 
heavy sections are adjacent to each other, the lighter sections being 
more severely stretched during riveting than the heavy. In symmetrical 
sections, the camber caused by riveting down one side of a long member 
will be sensibly neutralized by riveting along the opposite side, so that 
the finished member may be apparently straight, hut the ultimate effect 
will be the creation of initial local stress m the material. In the case 
of unsymmetrical sections, permanent curvature or waviness in the 
direction of length with unavoidable occasional twisting results from 
the process of riveting, and these effects are difficult to minimize, 
however carefully the work may be executed. Columns of cast iron or 
cast steel are not subject to defects caused by riveting, but are influenced 
by the usual hidden defects inherent to all castings, as well as by initial 
stresses set up by unequal contraction. Hollow cast columns are espe- 
cially liable to irregularity of cross-section due to the core getting 
slightly out of centre during casting, which defect will be more marked 
if the column be cast in a horizontal or inclined position. 

In Fig. 94, let AB represent, a hollow circular column having 
irregular horizontal cross-sections as indicated. The geometrical axis 
IS the straight line AB, which, in the absence of defects of material 
and irregularity of cross-section, would be assumed to be the true or 
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physical axis of the column, hi sach a case tlie lino of application AB 
of the load would coincide everywhere with the physical axis of the 
column, and the resulting Ktroas on every cross* 
|P scdtiou would iHi ourely (‘ompressive, with no 

t ,/l {. j tenden<!y to Inmd the column. Further, if the 

i I I physicid axis of a long (H)hunu were a jHirfectly 

j 1 . straight line, it would be poHsible to apply a 

li' i (\^\ i) sUuwlily iucretisiug central load until the column 

! il ! failed by dirtn^t crushing of the material. In 

I jl I Fig. the etmtres of gravity of the irregular 

" ^ )i nroHH'HcetionH oerur at the points (/, i, r, etc., and 

I jl I ^ / these l)(‘ing transfernsl to tlu‘ir oorreHp()n(liug 

i |1 ; positions a\ h\ v\ on the (‘levation, tiie physical 

!‘ il, i /. \ axis of the <‘olumn becomes tint curved line 

! *1 ; J . H. This ultiTution in outline of the 

i !| 1 ' physical axis is due only to the eousidered defeeU 

I l| 1 s of (’.roHS'Hcc.tion, but it will b(‘ borne in mind that 

{^ 1 ^ j ' " (C* 1 ' non-uniformity of (.‘lastieity of tin* maUirial and 

i i| j initial eambt*r may still further modify the posi- 

I jl 1 tions of jmints a', //, r\ (*t,c. uliovti dt‘iects 

I ‘((^1 )) pi'aoiieal column, (|uite unknown 

I i 1 y •/ (liiantities, so that it is impossible to state with 

I 1 accunuty to what exUmt tin* physical axis (huis or 

j jl J does not eoinehhj with the g<*omftricaI axis, 

b' The resulting eir<‘<;t of this deviation of the 

h’lu. 94 . phyHioal axis from tin* gi*()metrieal axis is that at 
(’ross-stHtl.um No. I tlH*re is acting a dirt‘(:t com- 
pression 5 = P, and also a Inanling nnnnent == V x ff*\. At (*ro.ss-Heetiou 
No. 2 , a direct compression = P and a B.M. =? P x //L^ and so on. It 
is the presence of this bending moment which deU'rmims tlu* tendency 
of the pnuiieul column to yield towards ou(*side or the other, (b*p(*n(ling 
on the outline of the physhial axis. The points rr, //, r, etc., may be 
termed th(un*ntrcs of n'sistanee of the various K(‘clionH, being umltTstootl 
to represent the points through which tin*, resultant compresHi<m .should 
act in order to (jreatti uniform intensity of ci>mpri*Hsiou ovt*r tie* whole 
erosH-section, afUir making allowamu; for def(*e.tH of form of (‘.ross-H(*ctiou 
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pression 5 = P, and also a b(‘n<ling nnnnent == P 
No. 2 , a direct compression = P and a B.M. =? 


and variable elasticity of inaU*rial. It follows that simple comjjrcHsion 
on every cross-HiJction of a column might only Imj i*nsure<l if the line of 
action of the load coincid(*d with the physical axis. Him‘e, however, 
the lino of aijtioii of the load is a straight line and ilie physie.al axis 
a curved or wavy lin<}, it is pruiUmlli/ impossible for any (uilumn not 
to be subject to more or h*HH bending moment at several Ht*ctions 
throughout its length. 


Method of Application of Load. ^ In pnuitice, relativtdy few 
columns have the load centrally applied. In Fig. 95, A, a girder 
carrying similar loads over two adjacent etuiul spans will impose a 
resultant central load on the column. At B, two uniitjually loaded 
girders connected to opposite sides of the sumo e.olumu will impose a 
resultant load on the column, the line of action of which may be con- 
siderably out of coincidence with the axis of the column. At (5, the 
load on a girder attached to one face of the column will impose a still 
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more eccentric load. This may be modified, as at D, by employing 
two girders, G, G, instead of one, and carrying them on brackets 
placed centrally on opposite faces of the column. This arrangement, 
although more satisfactory theoretically, is often inconvenient in 



Fig. 95. 


.practice, since it multiplies and complicates the connections, and inter- 
feres with the arrangement of other members meeting on the same 
column. In the case of compound columns built up of two or three 
girder sections with tie-plates or lattice bracing as at E, the line of 
application of the load becomes more dij[ficult to define. Such columns 
generally carry vertical loads Wi, W 2 , and TV's, due respectively to roof 
weight and the loads handled hj travelling cranes, whilst they are 
further subject to bending moment caused by the horizontal wind 
pressure P acting on the roof slope. The manner in which the 
resultant load is shared by the three columns at any horizontal sec- 
tion ss, will depend largely on the strength and rigidity of the bracing. 

A further small amount of additional bending moment is caused by 
the deflection of the column itself. In Fig. 9G, the straight line AB 
represents the original axis of the 
column before the imposition of the ^|p 
load. If a load P be applied at a ji a 

small eccentricity e, the resulting B.M. 
will be P X which will cause a 
small deflection of the column indi- 
cated by d. The ultimate B.M. at 4c/ 
the central section of the column, 
after it has reached a state of equi- 
librium, will then be P x{e + d). In 
most practical cases, the deflection 
being very small, the additional 
moment P X d, due to that deflection, Fig. 96. Fig. 97. 

may be neglected. The jibs of cranes 

and long horizontal or inclined struts in large bridge girders are 
subject to additional deflection caused by their own weight, which still 
further increases the B.M. upon them. Thus m Fig. 97 the straight 
line AB represents the axis of a crane ]ib when in an unstrained 
condition. An appreciable amount of sag will be caused by the dead 
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weight of tho jib, (hio to itn in<jlinc(l ])OBition, wliich will cause it to 
assume some curved outlines m shown by tho full line curve* When 
lifting a weight W, iha i)n*H8«re on iho jih due to tho teiiHions W, W, 
in. the chain will uugnjent the defleolion, Ro that the axis of the jib 
takes up Home now position indieuted by the dotted <*nrvt*. A sinular 
action takes place in all horizontal an<l inclined structural members 
Bulnect to end thrust. 

Prom tho al)ovo nnuarks it will be apparent that the manner in 
which tho ({ompnfHsive load afTeotfl a rolumu or strut is more complex 
than is xisnally the ease with tension imunbei's, an<l t‘annot Im dismissed 
by the assumption of a simple eomjwi^ssivti Htr{‘ss acting at every 
crosB-siKJtion. 

Methods of supporting or fixing the Buds of Columns.— Whilst 
tho above remarks apply to any column im»Hpetttive of tin* way in 
whicli its endsuiv suiiported, the manner of support or attachment of 
the ends of a (mlumn to adjacent members of a striadajns greatly 
influences the loml that the column will safely curry. Four well- 
defined methods of end siijinort are easily rei'oguimi. These arc 
indicated diagrammatically in h‘g. 1)H. 

Tho column at A is said to be hinge<l or pin-ended, and under tho 
load deflects in a single curve. U illustrates a iixed-ended column which 
umler the load is constmiued to detlect in a 



D treble <*.urve with points of contra-tl(‘Xure at 
c F and Q. In column 0 the lowiT end is 
j\ fixed ami the upjuT eml hing<‘<i or rounde<I, 
/| tlu* (iellta*ti<m causing a double <nirvature 
with one jiniut of coutra-tli*xurc at P. lu 
1 1 cases A, H, uml <’ the u]>iut end of the 
n'i column is supposed to be Hituati‘(l V(‘rtically 
1 I over the lower taul, and to lie im*apal)le of 
‘ 1 laUnul movenumt, so that oii didlection the 
\\ upper end l)ecom<'K slightly depressed along 

'j th<‘ vertical line, Fig. OH, I), repri'sents a 

^ <'olumn fixed at the lower mal, but fret^ to 


Fui. OH. move laterally at the upoer (*nd when d(‘- 

fkaitiou uudtT the loatl t.uK<‘H [>!a(jt‘. Such a 
column will obviously bend in a single cum^, and its behaviour will he 


flcnsihly similar to one-half of the round-(mded column ut A, as may 
be indicated by drawing in a similarly delle(iUid lower half shown by 
the dotted lin<*. 


In pra<Jticc, so-calliid round-ended columns art*, eouRtnicttul by 
fonning tho ends to fit on round healing pins or in hollow curvctl 
sockets. Examples of these occur in crane jibs and in tht^ struts of 
pin-connccbcd girders— a type very fretjuently adopted in American 

r ifcice. With regard to “pin-ended*’ columns, Mr. J. Al. Moncrieff, 
Inst. O.E., rcmarkH, “It is tjuito useless to theorise with the view 
of showing their superiority to round or pivot ends, owing to tho fact 
that their behaviour under load, even in a testing machine, depends 
very largely on tho ebsonoss of the fit between pin and hob, upon tho 
smoothness or otherwise of tho bearing surfaces, upon tho diameter of 
the pin in relation to the radius of gyration (of the column section), 
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and upon the presence, either accidental or premeditated, of a luhri* 
eating medium.” ^ 

^ In actual practice, ^ a truly fixed-ended column seldom, if ever, 
exists. Fixity of ends implies that the ends are so firmly held that, on 
bending, the portions EP and FQ of the column in Fig. 98, B, remain 
strictly tangent to the straight line EP. This is only possible where 
the head and foot of the column are so rigidly held, or attached to 
adjoining portions of a structure, as to be absolutely immovable laterally 
— a condition difficult to realize in experiments with a testing machine, 
and still more difiicult of realization in practical structures. The 
nearest approach to a fixed-ended column in practice is probably 
exemplified in the case of the lowermost portion of a heavy column in 
a framed building. The foot is secured to a heavy foundation block 
of concrete sunk a considerable distance into the earth, and the head 
secured to relatively heavy and rigid girders supporting the first floor 
of the building. Even this, however, is not a truly fixed-ended 
column, since the girders, no matter how rigid they may be, must 
deflect to some extent under their load, and so permit of slight move- 
ment of the head of the column, whilst the whole building is subject 
to lateral movement due to wind pressure. The appearance of a 
column, either on a working drawing or in situ frequently gives a very 
false impression of its fixity. It is a commonly claimed advantage for 
riveted connections in structural work that the compression members 
are constrained to act as fixed-ended columns. This is in many cases 
a quite erroneous assumption, since the degree of approximation to fixity 
of ends depends entirely upon the relative stiffness of the column and 
the other members of the structure attached to it, and the estimation 
of this degree of fixity demands very careful consideration on the part 
of the designer. The following two cases cited by Mr. Moneneff are 
instructive and suggestive. In Fig. 99, assume a series of stiff gantry 



Fig. 99. . Fig. 100. 


girders 2 ft. deep by 10 ft. span, riveted securely to the heads of 
columns 30 ft. high, firmly braced together to preserve their verticality. 
Assume also that the foundation blocks on which the columns rest are 
very rigid, that the columns have large well-bolted bases, and that the 
ratio of length to radius of gyration of these columns is very large, 
and the columns, therefore, slender in proportion. Then the impo- 
sition of load on any span will cause deflection in the girder, and the 
ends of the girder will deviate from the vertical to a slight degree, but 
the relative stiffness of the girders themselves, as compared with the 


^ Trmsactwns Am. Soc, 0,E., vol. xlv. p. 358, 
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column, boinK high, tho upproxiraation to ideal iixitjr of ends would, 
practically speaking, bo of a high degree. 

In Fig, XOO, let tho columns be K{Hmed at .10 ft. centres, retaining 
the same depth of girder, 2 ft., and merely inereiising tho girder 
sections to obtain tho same valuo of working unit stress, while 
increasing tho radius of gyration of the colmnns to provide much 
greater stiffness of column. Under those coiiditious the deflection of 
tho girder under load, and coimwjuontiy the slope of tho ends of the 
girders whore they are securely riveted to tiio column heads, would be 
increosod largely, and tho columns would las subjoctoil to heavy bonding 
HtroBsoH in addition Uj tlioir direct load. 'I'lutse (sdumns would bo 
much less heavily stressed if they had pin-joint connections to the 
girders, and tho apparent lixity of eu<l given by a secure riveted 
connection would actually bo accompanied by severely prejudicial 
secondary stresses. 

A distinction rotpiiros to Iw tlrawn betwism “ fixed-eudod ” and 
“ flat-ended ” columns. Tho jissumpticn has geiicraUv been made tliat 

Ihest) two typtis of columns net in an 
identical manner, and formulm giving tho 
^ ' jK-rmissiblc loads for both in one exiwes- 
sion are frwjuuntly ((Uoted. 'I’lns is (pate 
crruiioouK, both tlicorctitadly and Irom 
B tlic cvideniic of practical tests. In the 
case of a column with flat ends, that is, 
in wliicli tho ends arc merely kept in 
contact with their l)earing surfacais by 
prusHuro, no Umsihs stress can Isi developed 
at tlu! ends, whilst with fixed ciids a cou- 
Hidcralde amount of tcimiou may bo 
t sahdy resisUid. 'I’lie two aises are dlus- 
trated in Fig. 101. 

Fig. 101, A, n-presentH a liat-cndwl 
column ill a (ietleet.cd eondition, suuh 
that compreHsive HtresHes are siil up at the 
three sections, 1-1, 2 2, !1 :i, of Liiken- 
siticH shoivn diagnimmatically by the 
sliadcd areas. Ho long as the stress on 
the two eml sections is enLirelj[ eompres- 
sivo, the ends of the column will remain 
t-jf in close contact with the Is-aring surfuc^ 
apjilying the loml, and tho column will 
Fid. 101. benavo in exactly the saino manner as a 

fixod-ended column of similar dimunsious. 
In such a case any bolts or other fastenings employed witli a view to 
fixing the ends of tho column will be quite inoperative. Fig. 1 01, B, 
represents a fixed-ondod column such that compressive stresses of intensity 
ab are setuponthc/fl/i-Aa/id side of sections 1-1 and S-.1, and tho r^ht- 
Aandside of section 2-2, and tensile stresses of intensity cd on the rlyM- 
hmd side of sections 1-1 and and on tho Ipft-hmd side of section 
2-2. In this case the tension cd at section 2-2 will bo resisted by the 
material of the column, whilst tho tensile stresses cd at sectiouB 1-1 
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nnd 3-3 will have to be resisted by the bolts or rivets which connect 
the column with neighbouring parts of the structure. If the con- 
necting bolts on the right-hand side of sections 1-1 and 3-3 of 
column B were cut through so as to transform the column into a flat- 
ended column whilst under load, the deflection would immediately 
increase and the column alter its curvature, as indicated by the dotted 
lines. Any increase of the load in column A would attempt to set up a 
state of stress similar to that in column B, but column A being flat-ended, 
and therefore incapable of resisting tension at its ends, would deflect 
or spring further towards the left hand in a similar manner to the 
supposed case of column B with its end connections severed. A 
flat-ended column, although appa/rently as strong as a fixed-ended 
column, may actually be on the verge of failure by excessive deflec- 
tion, if the load be of such a nature as to set up incipient tension 
along one edge of the bearing surfaces. This point is clearly 
evidenced by the results of tests of flat-ended columns made by Mr. 
Christie. 


In actual structures it is not customary to employ purely flat-ended 
columns, bolts or rivets being invariably inserted to make connections 
with the foundation and upper members of the structure. These, 
however, are often employed more with a view to convenience in erec- 
tion and to prevent lateral movement of the column, than to specifically 
resist tensile stresses which, under certain conditions of loading, may 
become very severe. It is important, therefore, in designing columns 
on the assumption of fixed ends, to ensure the bolted or riveted con- 
nections being suificiently strong or numerous to resist the above- 
mentioned tensile stress. Tig. 98, D, represents a type of column 
which most commonly occurs in connection with roof designs. 

Fig. 102, A, illustrates the case of a detached roof carried by 
columns fixed to a substantial foundation at F, F. The columns carry 
a vertical load, W, due ^ 

to the weight of tlie p 

roof, whilst their upper 
ends are subject to ap- Ij jj 

preciable horizontal ; jl 

movement due to the A 1 i B 

wind pressure P. Fig. 

102, B, is another ex- 
ample of this type of ^ 

column, supporting an qf fIJ || F 

“ umbrella ” or island Fia. 102. 


platform roof. In both 

cases the columns deflect in a single curve. 

From the preceding remarks it will be apparent that no column 
in actual practice is over subject to a uniform compressive stress per 
square inch, since the bending action in combination with the direct 
loading results in increasing the intensity of compression on the con- 
cave or hollow side of the column and in decreasing the intensity of 
compression on the convex side. Farther, in cases where the bending 
moment is large compared with the direct compression, the stress on 
the convex side may be tensile instead of compressive. The maximum 
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stress per square inoh on the section of a column under jjiren condi- 
tions of loodiiiK may only be arrived at by a calculation of the bending 
moment as wall as the dirc(!t oomprossion per scjuare inch. Most of 
the column fonnulro in general use aim at giving tlio safe uniform com- 
pression per square inch for columns of given dimensions and material. 
Whilst this is the most convenient form in which to use such formulas, 
it should bo remembered that the maximum otrm on the matoiiai of 
the column is usuiilly oonsidemhly in escess of the tinifom or amagt 
stress exhibited by the formula. Oonshleration will now be given to 
some of the many formulns in (sommon nwt. 

Radius of Gyration.- -Baforo procfcding to these, if. is neoessary 
to compruheiMl what is implied by th« tensi Radius of (lyrotion of a 
oolnnin section. If, for any column wsition, tito moment of inertia 
about my axis be divided l>y the sectional iiroa, the square root of the 
resulting quotient gives the radius of gyratioii about that axis. Or, if 

I = moment of inertia A =- sisstional area 
and r — radius of gyration r = 

As an example consider the two sectioiis shown in Fig. KiB, A and 
B. A is a girder sesjtion of !M) sq. in. area, Hiastiou B is a Isox-seclion 
having the same over-all dimensions ami also the sanit! sttetiimal urea. 

For section .-1, moment of inertia about axis V - Y = ll!7'.'» in. unita 

Sectional area = 'M) sq. in. r m 



For section B, moment of inertia about axis Y- in. units. 


I 


Sectional area =■ ao sq. in. 


•• V :it) ’ 


i’Ol in. 


larger 
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WhilHl posHOflfling th« name Bnntional ami, Hei’.iion It \m a <l«(M'<l(‘(lly 
■JOT radiufl of gyration than Huctioii A. Tho iiuT^^aHtt in tla* ratlins 

of gyration of Ht‘t'.tion H m ovi- 
(Umfcly caUH<*(l by the ultcrtitl tlis- 
trihution of tho wob ftt*<!tion, Hincc 
tin* llango wit^tion in tht* HatntJ for 
bt)tli A anti It. Tho rntliuH t)f 
gyratitin in thtw Kt*on to bo tlti- 
]Kiudont on tho a/m/w of hocMou t)r 
<li8l.ributit>n of mattTial abt)ut the 
axis in tjuoHtion. It will bo 
obvioua merely from an inapec.- 
tion of the two net^iionH that It 
would form a stiffor column than 
A, provided equal lengths wore taken, and it may hti stated generally 
that the radius of gyration of a section nflfords a relative measure of 
its stiffness to resist a bending or ** buckling” action such as occurs 
in columns. In order to form an estimate of tho (ittmt stiffness of 
a oolnmn, the length as well os the radius of gyration of the cross- 
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section must be taken into account. Thus, if a column of section 
B be twice the length of a column of section A, the former will be 
less (mpable of supporting a given load than the latter, notwith- 
standing its greater radius of gyration. In other words, the greater 
length of column B rendering it more slender than column A, will 
more than^ neutralize ^ the advantage it possesses by reason of its 
greater radius of gyration. If the length of a column be divided by 

the radius of gyration of its cross-section, the resulting ratio ^ iiciay be 

regarded as a measure of its shnd&rnm* Thus, if a column of section A 
be 15 ft. long, and one of section B be 80 ft. long, then 

for column A, i ^ = 76 

T 2-36 

and for column B, - = =119, 

r 3-01 

cdlumn B is considerably more slender than A, and consequently 
less capable of carrying so great a load. It will be seen presently that 

the ratio - constitutes an important term in all formulae which aim at 

giving the safe or breaking loads for columns. 

In the above example the radii of gyration were calculated about 
the axis Y-Y. They may also be calculated about the axis X-X, or, if 
desired, about any other axis passing through the section. Considering 
the axis X-X of section A, the distribution of material is plainly 
different from that with regard to Y-Y. The moments of inertia 
about X-X and Y-Y will therefore have different values, and since the 
sectional area remains the same whatever axis be considered, the radius 
of gyration will necessarily vary with the moment of inertia. Thus 

Moment of inertia of section A about X— X = 690 in. units. 

Sectional area = 30 sq. m. r about X— X = \/ = 4’8 in. 

The previously calculated radius of gyration about Y-Y was 2*36", 
and the significance of the two figures is that a column of section A is a 
little more than four times as stiff to resist bending about the axis X-X 
(or in the plane Y-Y), than about the axis Y-Y (or in the plane X-X). 
If a column is equally free to spring or buckle towards one side or 
another, it will naturally yield in that direction in which it is least stiff, 
or, in other words, it will bend m the plane at right angles to the axis 
about which its radius of gyration is least. Thus, columns A and B 
would both more readily bend i)i the ]pJane XX than in the plane YY, 
since both have a smaller radius of gyration about the axin Y-Y than 
about X-X. The least value of the radius of gyration for any given 
section is commonly referred -to as the Least Radius simply. In many 
column sections the axis about which the radius of gyration is least is 
easily recognized at sight. Such sections as a circle, hollow circle, 
square, etc., have the same radius of gyration about any axis passing 
through the centre. In some bmlt-up sections, notably box sections, 

L 
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as in Types tt untl 1>, the radiiw (»f eyrntion nwy differ ajjprflolably abottk 
the axcHX-X imd Y~Y,uu(l It ih lulviHaliU! U» (adculato Iwth rather than 
hiiatily usmime the axis of loiwt radius fnmi iiiKiMjetion only. It will he 
obvious tliiit tlui most economical forms of column sectioim, so far as 
lood-bearinf^ eaisveity is coiiounuMl, will Ik* those Imving; tKiual, or ntac- 
tically mdii of nymtion about both primiiiial axes. A buut-up 
section may gonorally bo arrangod to give this result, although praotiod 
considonitioi»8, with regard to c^mvenieiice of comiotitions, sometimes 
preclude the emiiloymout of such soelioiis. The nulii of gyration of 
tho elomcntary rolled seel ions will lie found given in the list of Propof- 
tioB of ilritisli Btaudard Sections, us well ns in Juost linns’ setition books. 
It shoidd Iki noticed tliat ei|ual angle sections have tho had radius 
about an axis X-X (Pig- 1<‘I) lawaing through tho centre of gravity of 
tho cross-BOction, and that tlmy will consc<iuuutly Umd most readily 
cornurwiso, or in tho plants Y- Y. 

Tho nidiuH of gyration of compound or Imilt-up sections is readily 
calculated from tho given prtspertics of tlm elementary sections of which 
tiiey arc composed. 

Kxami'I.B 1!).— 7'« riilnilith th railii of ijijratm if Hit' mim in 
Eig. 10r>, iilmttf llir tutu .V .V amt 

1. About X-.X. Obtain from thts section book the ftsllowing 



x‘>^^^x 
Y 

fill. 104. 

proissrtnsH for a lu" x li" X l;i dm. j'-ist. Hcetional .tree 

in. Moment of inert ia ahtsut Ul-. I hen 

Mt. of inertia of two joists about X X . ■ X 

„ „ two plates „ „ X 1I(I1- - Ki I 


12-1 sq. 

-l:!4 
!5«(1 


TotiJiI I t>f w(!tion uhotit. X X - HU) 
Total sectional area 2 X 1 1 X i -t’ X lii* 1 miMa. 

and r about X - X ~ -- uu 

2, About Y-«Y, Kroni suctiou book, 

Ml . ol taertin ol OMioW «•» ^ . . 

twajoUt.;; „ --.n-l-XXS 


174-8 




two plates „ 


» X 1 X 1 1" = 


Total I about Y-Y = 67H‘2 
and r about Y-Y » i®- 


?» 
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The Umt radius is therefore about T-T and = 3*86 in. If desired 
the 7 in. spacing between the joists might be increased in order to make 
the radius of^ gyration about Y~Y equal to that about X-X. The 
necessary spacing to effect this will be readily found after one or two 
trials. 

The following tables give the sectional area and least radips of 
gyration for the most useful types of built-up columns, the figures 
applying in every case to new British Standard Sections. 


Type 1. — One joist with two or four plates. 



Size of 
plates. 

Two plates 

Four plates 

Size of joist. 

Sectional 

area. 

r, YY 

Sectional 

area. 

r, YY. 

9 X V X 50 lbs. 

m 

10 xi 

24-71 

2*24 

34*71 

2*44 

10X8X55 „ 

12 Xi 

28-18 

2*66 

40*18 

2*92 

12 X 8 X 65 „ 

12 x| 

81-12 

2*59 

43*12 

2*86 

14 X 8 X 70 „ 

14 X 1 

38 09 

8-04 

66*59 

3-39 

16X6X50 „ 

12 Xi 

26-71 

2*60 

38 71 

2*83 

18 X 8 X 80 „ 

14 Xf 

41 03 

2*94 

58*63 

i 

3*31 



Type 2. — ^Two joists with two or four plates. 


Joists 

D 

Plates 

Two plates 

Pour plates 

Area 

r, YY. 

Aiea 

r, YY. 

in 

111 

in 




3*91 

10 X 6 X 40 lbs 

7 

14 Xi 

37 64 

3 86 

51-54 

12 X 6 X 30 „ 

6 

12 Xi 

29-65 

3*29 

41-65 

3-34 

14X6^X40 „ 

7 

14 Xi 

37 63 

3-82 

51-63 

3 88 

16 X 6 X 50 „ 


16 Xj 

45*41 

4*49 

61-41 

4 53 

18 X 8 X 80 „ 

io| 

20 Xi 

67*05 

5 60 

87*06 

5-64 

20 X 6i X 66 „ 

8i 

16 Xi 

64*24 

4*60 

70-24 

4*53 



Type 3. — Two joists with tie-plates or lattice bracing- 


Joists. 

D 

Area 

r, YY 

in. 

ID 



10X6 X 40 lbs. 

7 

27*64 

8*76 

12 X 6 X so „ 

6 

17*65 

3*16 

14x6ixf40 „ 

7 

23*63 

3 68 

16 X 6 X 50 „ 

8i 

29*41 

4 43 

18 X 8 X 80 „ 

lOi 

47*05 

6*52 

20 X 6i X 65 „ 

8i 

38*24 

4*46 
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Type 4.— Tliroe jowts. 





TwuJoUU, Olif Joint, 

hi* hi. 

15 x 0 X 4511 w, 15 < 0 *, 45 lbH. 


10 X 0 ^50 „ 
IHxO x5fi „ 
IHXH XHU„ 
mAl X75 ,, 
Mxiixm „ 


10 <0 <50 „ 
10X8X75 „ 
10X8X75 „ 
IHxftxttO ,, 
*Jiax7x75 „ 


Ar«a. 

r, YY. 

89-71 

5-08 

44H2 

5*84 

5i-48 

8*07 

09*12 

0*19 

{♦7*05 ! 

7-U 

74*99 

i 8*U 


Type 6.r-Thro(i joietH. 


Two Julntii. 
ill. 

0x5^ ‘25 IbH. 
8xO/.H5 „ 
UxTvfiO „ 
Ux7 • 50 „ 
10 0 • 10 „ 



Ai'«» 

r, YY. 

r, XX. 

ill. 





18% 5 

85 \hA, 

25-00 


1 8-15 

15 • 0 

15 „ 

88*84 

8 90 


10 . 0 

51) ,, 

44-18 

8*98 


18 * 8 

HO „ 

52-95 


4-00 

20 ^ OA 

‘ 05 „ 

42 or» 


; 5-04 

24 <7i ■ 

-.90 „ 

04-71 

i 

0-25 

1 



Type 6.-"()iiu joirtt with two ohannelH. 


r j ■! 

L. M 

Y 




Jtiht 


A ion. 

S Y. 

in 



in 





12<8i 

< *5-25 lb ». 

15 %0 

.* 4 :) 

Ih'i. 

28 09 

8-44 

15 <4 


If 

10 /6 

. 50 

>« 

80-10 

4 47 

17X4 

<4t!M 

M 

10 ,-8 

<75 

M 

48- 1.5 

i Hi) 

17 /4 

Xlt-M 

ft 

IH . 0 

< 55 

>t 

4‘.i 20 

5 02 

15 <4 

yim-a? 

»• 

18 XH 

/HO 

M 

44-92 

4-18 

15 <4 

xan-av 

M 

■J) <(ij <(!« 

M 

40-51 , 

4 25 


Type 7. — Two oliannola with latto hnuiiiiK- 


ClmiiuttU. 


tK 


Ami ^ )*>VV. 



in. 

7X8 XU'221brt, 
8x8 X 15-00 „ 
10 X8JX 24*40 „ 
12X84X29*28 
15X4 X 80*87 „ 
17X4 X44-84 „ 


in. 

H 

H 

4 

04 

4 


8-80 ‘ 2*77 

0-89 , 2*78 

U-89 ( 8*87 

X7*19 < 4-27 

21-89 i 4-86 

26-08 8-17 
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Type 8. — Two channels with two or four plates. Channel box- 
section. 


Channels. 

Plates. 

D. 

Two plates. 

Four plates. 

Area. 

r, y Y. 

Area 

r, YY. 

m. 

in 

m. 





7X3 

lOxj 


18*36 

2*83 

28*36 

2*86 

8X3 

lOXj 


19 39 

2 81 

29*39 

2*84 

9X3J 

12Xi 


25*10 

3*44 

37*10 

3*46 

10x8* 

12XJ 


26 39 

8*41 

38*89 

3*43 

12x3iL 

14XJ 

6J 

28-85 

4*13 

42 85 

4*10 

16x4 

16XJ 


37*39 

4*76 

63*39 

4*71 

17X4 

18xj 

9J 

44*08 

6*64 

62 08 

6*45 



Type 9. — ^Built-up box section. 


Angles 

Web plates. 

D. 

Flange 

plates. 

Area. 

/, YY. 

in. 

in. 

20xi 

in 

S4 

in 

UXJ 

47 00 

8 78 

3|x3jxj 

20xi 


16XJ 

49 00 

4*60 

4 X4 x| 

22X* 

8 

18xi 

55*00 

6-02 

4 X4 x| 

22x1 

8 

18x1 

65*00 

6*03 

6 X5 x| 

24xf 

9 

2lxi 

79*69 

5*85 

6 X6 X| 

24xf 

12 

24x| 

83*44 

7*11 


Y 



i 

i 

r 

J 

1 

=s^ 

L 


Type lO.-r-Four angles back to back with lacing. 


Angles. 

Aiea 

r, YY 

in 

3^ X 3 X ^ 

12*00 

1*68 

4 X3 Xj 

13 00 

2*00 

5 X3 x| 

16 00 

2*53 

6 X4 xi 

19*00 

2 92 

7 XSJXg 

24*68 

3*63 

8 X4 Xf 

28 43 

4 09 


Y 



Y 


Type 11. — Lattice-box section. Four angles with lacing on each 
side. 


Angles 

D 

Aiea 

7, YY. 

in 

2jx2ixj 

in 

8 

6 93 

3*32 

3 X3 Xi 

10 

8*44 

4*21 

8^ X 3^ X ^ 

12 

13*00 

6*05 

4 x4 x| 

14 

15-00 

5*95 

6 X5 x| 

18 

19 00 

7*72 

6 x6 xi 

20 

28-43 

8 49 


■r'f'T'i 

1^-- D 

Li.J 
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Type 18.—“ Gray ” column. Right nngloe witli tu!*plat««. 


Y 

iu 

1> 

in 

Art)*. ' 

1 

r. YY. 

O'Il" i 

8 



8'C6 

1 i J 
"i” ^ 

84nuS- 

14 

22'()0 

4*28 

4 .n8 

i 15 

SKVtXi 

4*64 

4 X4 v* ! 

iO 

iU)'(K) 

6*04 

J|L. 

n <6 

in) 

nH*(K) 

6-88 

Y 

C aO x| 

! sio 

5(VB7 

0*25 


Typo 18.— .Broad-flutiKcd iH-amB twcd iilunc or with one plalo on 
each ilange. 



\\ ith 


Hl*u uf 

Ui'Atu. 


Atvti 

r, \ V. 




— 








IMutl'H. 

Ari'A* 

YY, 

In. 







Ifl. 




Hi A 

H 


4(1 

Urn. 

18-47 

2-10 

i) • 

\ 

22-47 

2-81 

10} ‘ 

Hi 


(U 

ti 

IH-Oll 

2-«H) 

12 

i 

80-01) 

2-87 

IUHa 

11 

:i 

HI 

)» 

28*K7 

8 01 

U 


41-87 

8-48 

i4AA 

U 

jI 

101 

fi 

20-OH 

2-lH» 1 

10 * 

S 

68 OH 

8-79 

14i3 

U 

1(1 

102 

i» 

80-11 

2-lM j 

IK,. 

S 

67-11 

4-lG 

X 

U 

\i • 

. no 

ts 

82-82 

2-1)6 

IH . 

i 

68-82 

4-12 

17}* • 

II 

!l , 

It 

122 

M 

86-M7 

2 81 ! 

IH.. 

1 

07-87 

4-14 

iut*x 

U 

i 

186 

II 

80-5H 

2‘H7 ' 

IHa 

1 

76-6K 

4-14 



Type 14. -Solid circular Hcotion of diameter 1). 



Type 16.— Hollow eiroular Hoetion. 

KxUirnal diameter I). 
Internal „ ^ d. 

r ~ .l/D’M- d*. 



Type 16.- 


-Solid rcctiiugulur or wiuarc Heetion. 
r = (l•aHl)I). 


Euler’s Poinitda.— Aflsuming the conditions for an ideal round- 
ended column os enumerated at the <iommencement of thin clmptor, 
the following formula may he oBtahliehod by mathematical reasoning. 

If P = ultimate or crippling load in tone ; E = Modulus of 
elasticity of the material in tons per sejuare inch ; I = length of 
column in inches between centros of end bearings ; and I » moment 
of inertia of cross-section in inch units, 
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p ^ _ 9‘87EI 

F“ 

Substituting for I, where A = sectional area of column in square 
inches and r = least radius of gyration in inches, 




9-87EA 



The ratio previously noted, occurs in the denominator, and 

consequently the ultimate load P becomes smaller as or the slender- 
ness of the column, increases. For any given material the value of B 
is sensibly constant, and the formula may be written 


P = constant 



This formula forms the basis of most of the “practical” formulae 
intended to give the ultimate load on columns. Being based on the 
assumption of an ideal column, it is not of much practical value, the 
ultimate load as given by it representing the extreme outside limit of 
load which a theoretically perfect column might withstand. By divid- 
ing the ultimate load P by any desired factor of safety, as 8, 4, 5, etc., 
the corresponding safe load would be obtained. It is, further, more 
convenient to express the safe load for a column in tons or pounds per 
square inch of sectional area, so that including the factor of safety 
and dividing P by the sectional area A, Euler’s formula becomes 
P tt^E 

tu = where ^ = safe load in tons per square inch and 

Px(i) 

P = factor of safety. Taking Eas 18,400 tons per square inch for mild 
steel and a factor of safety F = 4, the formula reduces to 

= 33,064 -4- gj 

It Will be noti'ced that for low values of ^ the formula would give 

abnormally high values for^. Thus for a column for which ^ = say 

40, p would = 20’ 6 tons per square inch, which is of course quite outside 
the practical range of load, since the elastic limit of the material would 
be exceeded. The formula may therefore only be used practically up to 

that value of - for which the safe working load p does not exceed the 

safe crushing resistance of the material. If Gj tons per square inch be 
fixed as the highest permissible value for p for mild steel columns, the 
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corresponding value of - is 70. 


The formula ceases then to have anj 


practical significance for columns 
radius of gyration is less than 70. 


in which tho ratio of length to least 
If increasing values of - beyond 70 


be inserted and the corresponding values of f bo worked out, tho results 
may bo conveniently shown as in Fig. lOO, by plotting values of ~ 



Fio. 106 . 


horizontally and the corresponding values of vorti(‘ally. Tlui 
ing curve is marked No. 1. 

Eankine’s Formula may be taken as ty]>ical of a largo clans of 
‘‘ practical ” formulas, mauy of which are based on the results of acttual 
tests of columns. It may be expressed as 


^ /Ty 

1 + constant x ( - j 

where 2 ? = safe load in tons per square inch,/ - crushing rcsistaiu^c in 
tons per scjuare inch divided by the factor of safety, I and r Innng as 
before. The constant in tho denomiintor is variously modi(i<‘<l a<’cord- 
ing to the conditions of end support. In this lyix? of formula the safe 
compression /tons per square inch wlu(;h may In jml. on a very short 
column is gradually reduced to }) tons per square inch for longcT 

columns as the ratio - increjises. Assuming 27 tons per sipian} iiujh as 

the ultimate crushing resistance of very short (soluiuns of mild steel, and 
adopting a factor of safety of 4 as befoTO, the formula bccomcB 
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^ being the value of the constant for round-ended columns of mild 
steel. The resulting values otp obtained from this formula are shown 
by curve No. 2 in Fig. lOG. The formulae of Gordon, Claudel, Bitter, 
and Christie belong to this class. 

Straight-line Formulae. — These are a class of formulae which have 
been devised to give approximate results to those above mentihned. 

They include the first power instead of the square of the term -. As 

an example of these, the following may be taken 

p = 03^1 - 0-00475i) 

where p = safe load in tons per square inch for round-ended columns, 
the factor of safety being 4 on the assumed ultimate strength of 27 
tons for mild steel. The results of this formula are shown in Fig. 106, 
by the straight line No 3. The object of the straight-line formula is to 
obtain greater simplicity than is alTorded by the various “ curved ” 
formula by avoiding the quadratic solutions which they necessitate. 
It should be noticed, however, that the safe loads for columns of varying 

- cannot be correctly given by such formulae. For the one in question, 
the load becomes zero for a column having the ratio ^ = 210, which is 

obviously incorrect. Fig. IOC shows that for ratios of ^ between 100 

and 180, which include a fairly large proportion of practical columns, 
the safe loads per square inch, whether calculated by Euler’s, Eankine’s, 
or the straight-lme formula, do not greatly differ. In selecting a 
suitable column section, the length, total load and character of end 
supports are known beforehand. The type of cross-section desirable 
will depend mainly upon total load and connections to be made with 
the column. The method of selecting a suitable section of column by 
the aid of the above formulm will then be as follows. 

Example 20. — Begxiiied a mtalh lox section in miU steel Jorined of 
tiro channels ami two phdes, to carry a central load oflOQ tons Jhe length 
heing 25 /^. and the ends considered rounded, 

1. Using Euler's Formula, — Try No. 3 section of Type 8. 

r = 3-44 . Z = 25 X 12 = 300".-^ = 

A = 2510 sq. in. 

I 

From curve No. 1, the safe load per square inch for - = 87 is 4-3 

tons. Hence total safe load = 25*10 X 4*3 = 107*9 tons. No. 2 section 
will be found too small, and No. 3 would be adopted. 

2. Using RanhMs Formula,--Tl\i<^ safe load per square inch for - 

= 87 from No. 2 curve is 3*4 tons, and total safe load = 25*10 x 3*4 
= 85*3 tons. This section is therefore too small. Try No. 5 section of 
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Type 8. r = 4-18. ^ = 78, and safe load per square inch is 

practically 4-0 tons. A = as-HS square inclw®, and total safe load 
=28-86 X 4-0 = lir)-4 tons. As section No. 4 would bo considerably 
too No. 5 would bo adoptod* Note that this Boction htiH about 15 
per cent, greater area than the one deduced by HuIer'B forrnulu. 

8. Using tU Sfraight-lim Formula.— HO(‘tion No. 8, ^fype 8. 

- 87 as before, and safe load per square inch from No. 8 line, Fig. 106, 

= 3*9 tons, ironco total safe load = 25*10 x 8*‘.) ss tons. That 
is, the same section as indicated by Killer's formula would bo adopted 
bub with, an apparently less margin of safety. 

The above-mentioned fornuihe are open to Uu* following objections. 
Euler’s formula is based on thi^ assumption of a theoretieiilly perfect 
column, a case never realiziod in pilu^tice. ^’he Itaukino 
typo of formulm arc bastid gemtrally (ui tlu^ results of 
limited numbers of practical tests. Any formula to be of 
general practicjal value should show agrei^nu'ut, not only 
with a very largo number of reliable tests of varying 
sections, but also tests covering a large range of ratios of 
I to r, in addition to several tests at each ratio of I to r. 
Eew, if any, of the formuhe in general use satisfactorily 
approach these requirements. ^I'lie straight-limi formuhe 
can 'only be regarded as rough approximations, (isiwcially 
when employed over a wide range of ratios of / to r. 

Pixed-ended Columns, dn Fig. lo7,if A(U)K reiircsent 
the axis of a perfectly li»‘d-(‘uded (mlumn of uniform 
section in a bent or deflected state, the portions A(- ami 
BD, after bending, remain tangtiiit to tlui vortiiMl line 
AB. The central portion 01) is also tangi^nt to a V(Ttieal 
line at its middle point M. 0 and I) are points <d eontra- 
flexure, and at these points, therefons no bmuling mom(*nt 
exists. In order to constrain the (‘.olunui to conform to 
these conditions Ihcro must be the sami» b(‘mling moment 
existing at A, M, and B. The points 0 and I) must 
therefore he situated midway along AM and BM ri'- 
speobively, or, in otluir words, the ocmtrul portion <B) 
which bends in a single curve will be e(iual to half the 
total length AB of the rixed-erKl(‘<l <tolamn, and will 
behave sinmlarly to a round-end(‘(l eoluinn. Further, 
the deflections AB, BP, and MN will all be equal. HtaU*d gmuu'ally, a 
fixed-ended column will carry the same load and bti subjeeb t-o ilie 
same bending moment, and consequently the same stress, as a round- 
ended column of half the length and the same cross flection. 'The 
total central deflection MB, of the fixed-ended column AB, will, however, 
be twice the deflection MN of the equivalent rouml-ended column (B), 
under the same load. 

The alove statement must not U mifused with the uim that a fixed- 
ended column mil carry twice the load of a round-mded column of egxud 
lengthy whkh fs, of course^ quite erroneous. 

Hence, in selecting a section for a fixed-ended column of given 
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length, that section, is employed which would be suitable for a round* 
ended column of half the length, after making reasonable allowance for 
the extent to which the presumably fixed-ended column fails to realize 
the conditions of absolute fixity. 

Moncrieflf's Formula. — The most complete and reliable investigation 
of the strength of columns is contained in a paper by Mr, J. M. Mon* 
crieff, M.Inst.O.E., presented before the American Society of Civil 
Engineers in 1900.^ The reader is referred to the original work for a 
complete account of the reasoning and deductions. The general outline 
of the method of inquiry followed is indicated in the following pages. 
Limited space prohibits giving more than a brief outline, but the 
reader is strongly recommended to study the original communi- 
cation. The underlying principles upon which the reasoning is based 
are — 


1. That a perfectly centred column of perfect material and 
ness is probably never realized in practice ; and — 

2. That the various disturbing influences preventing such 
realization, each of which conduces to initial bending, are all 
capable, as regards their ultimate ejfifect, of being represented 
or covered by an equivalent small eccentricity of loading. 

In order to apply this principle to the case of practical 
columns under intentional and apparently central loads, the 
suitable value to be assigned to the “ etjuivalcnt eccentricity ” 
required to be carefully determined. This value was finally , , . , 
fixed after a careful analysis of the records of practically all i 
the really reliable tests of columns made in Europe and 
America from 184:0 down to date. In the course of this 
analysis, the results of 1789 tests of ultimate strength of 
columns of cast iron, wrought iron, steel, and timber were 
carefully considered, so that the formula) deduced have the 
merit of being far more representative of practical strength 
than any previously proposed. 

In Pig. 108, AB represents the axis of a round-ended b' 
column under the action of a load P applied at a small Fia. 108. 
eccentricity o, A = The resulting central deflection of the 
column from the vertical AB. I = Length of column It is easily 
established that 


TPe 

^ 8EI - 


. . ( 1 ) 


where E = Modulus of elasticity of material and I = Moment of inertia 
of cross-section. 

The bending moment at the centre of the column then 


= P(fi + A) == 


/a X I _ Ar?/; 

1/ y 


where is the stress per square inch caused by bending alone at a 
distance y from the neutral axis of the cross-section. A = Area of 

‘ » The Practical Column under Central or Eccentric Loads.” J. M. Mononeff, 
TrmsaoPims Am. Boc. C.E,, yol. xlv. 1901. 
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cross-section, and r =s Radius of gyration in tlio dirootion in which the 
column bends. 

Rearranging /i = ± the positive sign denoting oompros- 

sion at the concave side of the column, and the negutivu sign toiisiou at 
the convex side. The direct compression on the column section, inde- 
pendent of the eccentricity of loading, =/, = -f ^ = the average load 

per square inch on the sectional area of the (iolumn. Ilemte, the total 
stress per square inch at oi)posito edges of the section, duo to both 
bending and direct compression, 

- +f + f ^ + A )// ^ 1» 

' ” A/’** 


Substituting the value of A in ecj nation (1) 





(-0 


Using the + sign to defcormiiie the maximum (’omprcHsivo ntrcKH V\ 
and transposing equation (il), 



Similarly the - sign will detenniuo the minimum HtruHH F, at the 
opposite edge of the section, which may or may not l)o Uumihs acHionlmg 
as the tension due to bending oxckmkIh, or does not tlu^ din*ot 

compression. The suffix t is only used couvcmiontly, and dooH not 
necessarily imply that is a tensile HtrcKs. IIoikh* uKing tlu^ — sign 
in (2), 



^ The formulso (1), (2), (:i), and (-0 arc all general (‘xi)r(‘KHionH aj)- 
plicable to round-ended columns of any given material and form of 
section, and with any given value of eo(;ontricity of loading probable 

in practical work. For fixed-ended columns the value of - as given l)y 

formula (3) or (4) will be doubled. For flat-ended coluuum, ^ will be 

the same as given for fixed-ends up to the point where tension bc^gins 
to be developed at one edge^ of the end bearings. Hituio flat'(*nded 
colnmns are incapable of resisting tensile stress, F, iii equation (4) must 
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be made =0. For the ratio - at which tensioa begins to be developed 
the formula then becomes — 



Formulas (8) and (4) give the relation between the elasticity E of 

the material, the maximum fibre stress F. or F,, and the average load 
per square inch, /a, on the column section which wiH produce that 

maximum fibre stress. Formula (5) gives the relation between ^ and 

the average load per square inch,/,, consistent with no tension being 
set up in the material. 

The use of equations (3) and (4) is as follows. Suppose that in a 
given column section it is decided that a certain value of maximum 
compressive stress F^, or a certain value of minimum stress F„ is not to 
be exceeded ; these values being inserted in the formulae together with 

the values of E and '•p, corresponding with the material and the section 

of column and eccentricity of loading adopted, the result gives at once 

the value of - corresponding to /* the average load per square inch. 

It will be seen the formulae each contain the term p. y and r depend 

only on the form of section, e is the “ equivalent eccentricity ” to be 
allowed for covering the defects of material, straightness of axis, etc., 
in the actual practical column By careful comparison of results given 
by the formula with those of the numerous tests previously mentioned, 

Mr. Moncrioff found that by making = 0*G, the formula expressed 

very closely the strength of the weaker columns in the various series of 

tests, whilst by making S the strength of the stronger columns 

was fairly represented. Since the practical strength is actually repre- 
siinted by the weaker experimental results, it appeared advisable not to 

IfB 

employ a lower value than 0 6 for the term Adopting this value 

and inserting suitable values for E and Pc, and employing a factor of 
safety of 3 for dead loads, the results of the formula when applied to 
various materials are exhibited by the curves in Figs. 109, 110, 111, 
and 112. 

The average dead loads indicated by these curves correspond with 
the following maximum stresses per square inch and Moduli of Elas- 
ticity for the various materials. 



20000 


158 


STEUOTtJML ENGINEERING 


U3d SONnOd OVOT 3dVS 





z iu 

S ii 

o CE b. 




COLUMNS AND STRUTS 1B9 

;;^a uad soNnod avon ajvs 




160 


STRUOTURAT. ENCHNEERINa 


Material. 


Fc, 11)8. per sq. in. 


K 


Common oast iron 

Wrought iron, of tensile strength, 45,000 to 

60.000 lbs. per square inch 

Mild steel, of tensilo strength, 00,000 to 

70.000 lbs. per square inch 

Hard steel, of tensile strength of about 

100.000 lbs. per square inch . * . . . . 

Yellow ;|jm6 or pitoh pine 

White pine . 

B’renoh oak or Dantzic oak 


12,000 

18,000 

24.000 

80.000 
2,(XX) 
1,800 
2,000 


14.000. 000 

28.000. 000 

80,000,000 

80,000,000 

2,2(X),000 

1.400.000 

1 . 200.000 


The curves, Fig. 110, for the loads on flat-ended coluunis are 
identical with those for fixed-ended columns up to the point where 




Fig. 112. 

tension begins to be developed, which occurs in the neighbourhood of 
the ratio - = 110. Beyond this point the resistance of the flat-ended 
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column rapidly diminishes, as indicated by the sudden drop in the 
curves. 

In the original paper the factor of safety of 8 is applied to the 
modulus of elasticity for reasons there fully explained. The use of the 
factor of safety in this manner has an inappreciable influence on the 
results of the formulae when applied to short columns, while its effect 
gradually increases with the length, ultimately affording a factor of 
safety of 8 against failure by instability or buckling, in the case of 
very long columns, and the factor of safety against ultimate strength is 
fairly even between these extremes. 

In making use of the curves plotted from the above formulae, the 
particular amount of “ equivalent eccentricity ” for which they provide 
may be readily computed for any proposed coluinn section. Thus 
taking section No. 8 , Type 3, the least radius r = S'GS" and y — 65 '. 

Since ^ ~ ^ ® ~ sectional area = 23‘58 

sq. in. Taking a mild steel column of say 80 ft. = 860 in. length 
X 360 

with fixed ends, - = ^ 7 ^ = 98. From the curve for mild •steel in Pig. 

109, for fixed-ended columns, the safe dead load for this ratio = 12,500 

lbs. per square inch. Hence the total safe dead lead = 

= 131 tons. That is to say, in imposing an Mended central dead load 
of 131 tons on this column, provision is made for a possible eccentricity 
of 1*3 in. to cover defects of elasticity, cross-section, initial curvature of 
axis and slight inaccuracies in erection. 

Columns under intentionally Eccentric Loads.— In adapting the 
formulas to cases where the load is intentionally applied at a known 

eccentricity, it is necessary to add the value ^ = 0-6 as determined for 

presumably centrally loaded columns, to the hmcn value of as 

obtained from the intended eccentricity e and the dimensions and form 
of sections which fix the values of y and r. Formulae (3) and ( 4 ) then 
become — 


and 


4p.+4(5+o-c)-5}U 
V 5F,-/4(^ + 0-6)+5)^'^" 


where F^ and F« are, as before, the maximum permissible working 
stresses in compression and tension respectively. Inserting the previous 
tabular values for E and Fc and employing a factor of safety of 3, the 

curves in Fig. 113 exhibit the relation between - and the average 

working stress per square inch permissible for various degrees of eccen- 
tricity of loading, in the case of mild steel columns with round ends. 
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Since the maxiinnm compressive stress devclopod in a cpinmu of sym- 
omuo uu^ r met^ncal Hcction always ex* 

coeds the niaxinunu tensile 
stress, it is nob nucossary, in 
the case of mild steel, to 
use th(‘. formula conitiiuing 
Vf, us Vi may be taken, for 
this material, under work- 
ing loads, as tiqual to F^, the 
permissible compressive 
stress. In the cas(i of cast 
iron it will, of course, be 
necessary to use both ex- 
pressions, and to adopt 
wbichever gives the lower 

value to the ratio - for any 

given load /a. 

Practical Considera- 
tions in selecting a Type 
of Column. — (ienorally 
speaking, the simplest forms 

0 of cross-section are most 
2 ^ desirable. The principal 

1 H practical consideration is 
g o usually the number and 
“ iS kind of connections to be 
-lu made with horizontal girders 

0 or joists, and whether such 

1 are to be utl.ach(*d on oiui or 

two only, or on all four 
faces of tlio column. In 
this rcspeijt Tyjies 1, (>, H, 

!), 1 2, and are (convenient 
forms. Tliose <;olunnis with 
the least amount of riveting 
arc cheaper, and less lik(dy 
to suffer distortion during 
construction. 

Single joist stitiions are 
uneconomical us columns on 
account of their small 
radius of gyration as com- 
pared with sectional area, 
and consequently weight, 
but are widely used by 
reason of ihoir cheapness 
and ease of making con- 
nections. Broad flange 
beams are preferable as columns to the British Standard beams, the 
additional width of flange giving them a considerably larger minimum 
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radius of gyration, weight for weight, and more latitude for riveted con- 
nections with girders. They are rolled in 86 sizes from x Si'" x 23 
lbs. per foot to 391" x llxf' X 210 lbs. per ft.^ As a comparison, 
the B.S.B., 16" X 8" X 75 lbs. has a minimum radius of gyration of 
1*76". The B.F.B., 11" x 11" x 76 IbS. has a least radius of 2*81". 
Both have practically the same weight and sectional area = 22 square 
inches. Used as a fixed-onded column 25 ft. high, the 

B.S.B. has- = = 170, and safe load = 8400 lbs. per sq. in. 

theB.F.B.lia8^ = |^ = 106, „ =12,000 

and the total safe loads would be 82*7 tons for the B.8.B. and 119*2 
tons for the.B.F.B., or 44 per cent, greater carrying power in favour of 
the B.F.B. 

In section Types 2, 3, 5, 6, 7, 8, and 9, the dimensions may readily 
be modified, if desired, to give practically the same radius of gyration 
about either axis. This is desirable in cases where a column is not 
stiffened laterally in either direction by intermediate attachments. 

The use of long columns in which the ratio - is very high, should 

be avoided, since the working stress is very low, and the stiffness rela- 
tively small. It is often advisable to employ a heavier section than 
indicated in the case of very long columns in order to obtain necessary 
stiffness, although at some sacrifice of economy on the score of 
weight. Types 11, 12, 14, and 15 have the same radius of gyration in 
any direction- 

Types 3, 7, 10, 11, and 12, formed by bracing together two joists or 
channels or four or eight angles by means of tie-plates at intervals, are 
inferior to columns with continuous webs or close lattice bracing, 
especially when required to carry eccentric loads or to withstand heavy 
lateral wind pressures as in the case of tall buildings. Type 10 is very 
generally used for struts of lattice bridge girders. Type 11 forms a 
light and economical section for very long struts in horizontal or 
inclined positions. These are subject to deflection due to their own 
weight, which unavoidably sets up the initial bending so detrimental 
to columns. It is therefore important to keep down the dead weight 
of such members. Crane jibs and very long bridge struts are usually 
of this type. Type 12, known as the “ Gray ” column, is much favoured 
in American practice. It is an economical section, easy to construct 
and equally convenient for making connections with girders on all four 
sides. The tie-plates should bo closely spaced. This type is also used 
with continuous plates between the pairs of angles, the column being 
then much stronger. 

Connections. — The usual connections required in tlie^ case of 
columns are — 

1. Columns to built-up plate girders. 

2. Columns to joists or beam sections. 

1 Hmdhooh No* 18 , Broad Mange Seemst E A. Skelton & Oo. 
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3* Junctions in long columns whore the cross-Boefeiou in gradually 
diminished from bottom to toy, 

4. Bases and caps. 

Very groat variety of arrangement of these details naturally exists 
on account of the largo number of colnum sections available. In 
designing connections the following g(*neral priutiipluH should be 
attended to. 

1. Simplicity of detail in order to minimize expense in shop work, 
and admit of rapid and easy aHsemblage of parts at Hit<‘. 

2. Riveted or bolted counetstions of beams or girders to^ <!olumns 
must in every case provide adequate shearing and bearing resistance to 
the vortical load to be carried. 

3. The joints should be arranged with a view to providing the 
greatest possible lateral rigidity for the colamus as well^ as stiff end 
connections for the girders, since the degree of lateral stability obtained 
for intermediate points and heads of coliuuns freijuontly decides 
whether they may bo considered as appro.xi mating to the strength of 
fixed or round-ended columns. The culpability of a struc.Lure tiO resist 
horizontal wind pressure or racking acLion under lives lomlH dc*ponds 
entirely on the rigidity of the connections of vcrLical wi(.h horizontal 
members in cases whore the character of the Htructure does not pcjrmit 
of efiicienb diagonal bracing. 

4. Horizontal members should be attached to columns with the 
least possible amount of ecccintricsity in order to miuimizii the bending 
action on the columns. Simply supporting the load on wide brackets 
without at the same time firmly riveting or bolting to thci facjo of the 
column is to be avoided, although a well-litUid brmdcet, wherci space 
allows, will largely contribute to lateral rigidity. 

The following figures illustrate suitable types of connecitions between 
joists or girders and columns, such as commonly cxunir in practicse. 

Bolts are indictated by black 
circles and rivets by open 
(drcles. On exlcmsivti works 
])laiil for putting in rivets m 
aitif is fre<|nently installed, 
inwhieh case lu^lts will only 
be reipiircid in siK'h positions 
as (uumol be negotiated by 
the rivet(‘r. Oenerully, 
how(‘ver, bolts are largely 
used to save the expense of 
riveting at site. 

Fig, 1 1 *1 shows the 
Fia. IM usual connetjtion of hori- 

zontal joists with a 
column of a single beam section. Top and bottom cleats A and B 
connect the flanges of the joists J with the faces of the column 0, and 
a pair of web cleats W connect the web of the joist with the llango of 
the column section. The top cleat A is often omitted, but its use greatly 
stiffens the end of the joist. 

Pig. 115 indicates a suitable arrangement for four broad flanged 
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joists meeting on a single B.F. joist column, together with a junction 
between a lower heavier column section A, and an upper lighter one, 



Fio. 116 . 


B. This type of joint is of common occurrence in high framed 
buildings where the sections of the columns are diminished every two 
or three storeys. 

Fig. IIG illustrates a connection between heavy 3-beam compound 
girders and a column consisting of two beam sections and two plates. 
The width of the beam exceeds 

that of the column, and pro- ; I- i| ii: 5 il 

hibits the use of web cleats. j - - h 

Brackets or “stools” G are ' I ^ j 

riveted to the column faces, | I S I 

having sufficient rivets to : !! jiM 

resist the heavy end shear, and ' ! ! ij j ; jj 

the girders are bolted down to ^ , I ^ ^ ! li J i 11 I 

the horizontal angles of the - I 

stools, and through to the ' | 'T J |i- pjoj 

flanges of the column by bolts 1 . \ iio liM / 

passing thiough the upper flange j "I' \|;o ji ^|/ 

cleats, which are previously !| ’ j !T ^f/ 

riveted to the upper flanges of I I vM j|i gi/ 

the girders. The vertical angles ^ ^ 

which hold up the lower flange K Ji k- iL Jl— 

cleats require packing plates at Fig 116. 

P, P. 

In the case of columns running through several storeys of a building, 
it is desirable to preserve the continuity of the columns whenever 
possible, and to connect all girders or joists to the faces of the columns. 
Occasionally, however, this entails complexity of design, or one of the 
girders may require to be continuous. Pigs. 117 and 118 show the 
detailed arrangement where a continuous plate girder A is carried over 
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the head of a lower column 1), and two other slightly Hhallowor girders 
B and 0 meet from opposite sides iti a direction at right angles with 



that of girder A. Fig. 117 shows a cross-seetion (hrongh girder A, 
and Fig. 118 a cross-section of B or 0. The lower /lunges of the 
girders are bolted down to the cap plate of eolniun I), jiuckings being 
inserted as indicated. Tlie ends of girders B and (! are left just clear 
of the web of girder A, but are boiled through it by four holts, F. 
The continuation column PI, of lighter box siiction, is planted on the 
upper flange of girder A, the under edges of the ilange beneath the 
column foot being packed up on channels or bent plates 1*. Hubstantial 
gusset stiffeners S strengthen the web of girder A, and T-stiffoncra T 
the webs of B and 0, and assist in transmitting the load from the upper 
to the lower column. The timber floor joists J are carried on the upper 
flanges of girders B and 0. This is, gouomlly speaking, an iuforior 
arrangement, since Continuity of the columns, fespocially in tall buildings, 
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conduces to greater stiffness under the vertical loads, and more eflScient 
resistance to oscillation or racking due to lateral wind pressure* 



Fig. 118 . 


Fig. 119 illustrates a common case of column construction, where 
two rail girders G cany the ends of travelling crane girders in adjacent 
bays of a shop. The general arrangement is shown at A. The lower 
part of the column, up to the level of the seatings of girders G, consists 
of three joist sections with two plates each, laced together with diagonal 
angle braces. Brackets B are built out to support the girder bearing 
plates shown in the plan. Immediately beneath the girders the three 
joists are tied together by deep gusset plates P, forming the back plate 
for the brackets B. Above the level of the girders, the central joist, 
reinforced by two channels, is earned up to support the adjacent spans 
of the roof. In the side elevation E, the rail girders are removed. 
Double and treble columns of this type frequently have the component 
joists tied together with short rectangular plates. Diagonal bracing is, 







COLUMNS AND STRUTS 169 

Iwwever, more satisfactory as ensuring a more uniform distribution of 
tne total load between the individual joists. 

Caps and Bases.— Columns are fitted with cap and base plates 
attached to the faces by angles. Before riveting on the cap and base 
plates, the ends of the column, in all good-class work, are planed up 
square with the axis to ensure a fair bearing on the end plates. The 
plates and bar sections composing the column are, previously to riveting, 
sawn to dead lengths, but the distortion consequent on riveting usually 
leaves the ends uneven, thus necessitating the planing. The cap and 



Fig 120, 


base plates are usually riveted with rivets having countersunk heads to 
the outside, in order to leave flush surfaces for bearing on the foundation 
block at the lower end, and against the lower flanges of the girders 
supported at the upper end. Fig. 120 shows a typical cap and base 
for a 20" X 12" broad flange column. Base plates vary in thickness 
from f in, to in., and for columns carrying exceptional loads are 
sometimes in. to 2 in. Four, six, or more holes are left in the base 
plate, at accessible points, through which pass the foundation holts. 
These latter are embedded in the concrete foundation block with the 
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screwed ends projecting ready for lowering the column into place. The 
bolts are carefully placed in the correct positions by the aid of a wooden 
template having holes drilled at the rciiuisite Biiaciugs. _ 

Columns are frequently mounted on steel or iron eastings interposed 
between the base plate and foundation block. This construction may 



be adopted in cases whore it is inconvenient to use a large Imao plate 
wth gussets or brackets for distributing the load from the column to 
the foundation.^ Such huilfc-up brackets frequently entail diflicult und 
expensive riveting, and the use of a costing effects the necessary dis- 




Pig. 123. 


block is thus 9 square feet, whilst the bearing area of the concrete 
block on the actual ground would be still further increased. Fig. 122 
shows the detail of a steel box-section column embedded at its lower 
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end ill conoroto filled into a hollow casting, which is bolted down to a 
suitable foundation. Tliis is a type of Imwo frwiuently employed for 
columns supporting warehouses where tho basement is open to heavy 
vehicular tralfie. The base castings project !5 or •! feet above the 
pavement, and protect the columns from damage. In this example, 
the drainage from the roof is led through dowu-pijKis screwed to the 
faces of the column. Fig. 12:1 is an example of a column of channel 



Fio. 124. 


box section reinforced with four angles. The column is 18 in. sipiarc, 
and is provided with a 3 ft. G in. winare base plate, 1 in. tliick. Four 
deep brackets, consisting of f in. gusset plaU's, and :$A'' x '.MJ' x J" 
angiM, assist in distributing the load to the base plate In arranging 
the brokets at the base of a column, no useful end is scrvisl by 
theoretical calculations as to the probable distribution of preHsure 
effected by any proposed system of bracketing. Tho esseutial points 
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to bear in mind are, to provide a reasonably thick base plate m pro- 
portion to the load to be carried ; to place brackets in well-distributed 
positions around the base, and to increase their number in accordance 
with the size of column, having regard to convenience in riveting. 
Small columns will generally be provided with two gusset plates, as m 
Fig. 120, Box sections generally admit of four brackets, one on each 
face, whilst double and treble compound columns may conveniently be 



provided with eight, ten, or twelve brackets. Figs. 124 and 125 give 
an example of a built-up base for a treble-joist column. Here, two 
deep gusset plates are riveted to the flanges of the joists and bevelled 
oir at the ends to form four brackets, whilst other three brackets 
are placed at right angles to the mam gusset plates on either side. 
The pressure transmitted to the base plate will naturally be more 
intense immediately beneath the brackets, but by suitably increasing 
their number and adopting a rational thickness of base plate, the 
eventual distribution of pressure on the foundation will be sensibly 
uniform It is desirable in all heavy column construction that the 
foundation holts sliould pass through the horizontal tables of the 
angles connecting tlie brackets with the base plates, so that the nuts 
may bear on a considerable thickness of material. Where this cannot 
be conveniently arranged, as in Fig. 124, wrought-iron or steel bridge 
blocks B should grip the horizontal angles attached to the brackets, 
and the foundation bolts be passed through the blocks. Brackets 
should have a good depth^ in proportion to their offset from the column 
face. It is a common practice to provide as many rivets through the 
column faces and vertical angles of the brackets as will give a shearing 
or bearing resistance at least equal to the total load on the column. 
This rule provides for the transmission of the load through the brackets 
to the base plate, independently of the bearing of the column end on 
the base plate, which in rough work is often far from satisfactory. 
Thus, in a column carrying 120 tons, assuming the resistance of | inch 
rivets in single shear as 3 tons, the minimum number through the 
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rertical bracket angles would be 40. If the rivets boar on ^ inch thick 
angles, the bearing resistance of each rivet at it tons per square inch 
= 8x|x| = iJ^ tons, and the mininium number for bearing = 120 

-r8j = :i5. 

Column Foundations.— Small columns carrying light loads are still 
occasionally attached to stone foundation bloclcs, but the majoritv are 
bolted down to concrete blocks liaving a Imsal urea suflieieutly large 
to suitably distribute the pressure on the soil. The base ]tlato should 
rest on a sheet of (1 or it lbs. lead laid on the top of the foundation 
block. The heads of the foundation ladts are embedded near the 


bottom of the block, and bear against nut or angle bars threaded on 
to the bolts and laid longitudinally and tratiaversuly in the concrete. 
The proportions of such foundation blocks are detennined from the 
character of the loads on tlio column and the safe pressure whicli may 
be put on the soil, and detailed examples will be consuleml later on. 

Grillage Foundations.— Foundations for columns on poor hearing 
ground require the pressure distributing over a large areti. In such 
cases, a “ spread ” or “ grillage ” foundation is most suitable. As seen 
in Fig. 127, the base casting rests on a layer of paralhd Iwums or girders 
projecting considerably beyond the edge of the eiiHting. 'I’liese rest 
again on a second layer or “grill” of beams iwojectiug iKsyoud the 
limits of the first grill, and those again may rest upon a tliird and 
fourth layer if necessary. With each succsessivo grill, tlie bearing urea 
is largely increased, until the intensity of pressure on tlie H(jil is reduced 
to the desired value. The beams are tied together with liolls and 
separators, the latter acting as stiffeners for the webs, and giving them 
the necessary rigidity for resisting the vertical shearing force. Tlie 
projection of the beams takes the place of sevenil footings in an 
. 1 . ordinary foundation, and the ud- 

I r vantages of grillage roimdutions 

! are that the Huecessive oiTsets may 

I bo much longer than in the ease 

of masonry or concrete footings, 

I I [. I and the necessary hearing area is 

; I ! J obtained at a coiisideralily less 

Dt jf dejith than for a foundation block 

i / I of the ordimiry type. The stack 

i \i ! i/ i of iKianiH is eventually rammed up 

j £L i® — i witli and encased in concreUi, 

j i\ i /\ ; whieli_ serves the donble puriioso 

I I ^'•'■4-^ i i “iding uniform distribution of 

1 — I J pressure amongst the separate 

/\ boaniH in each grill, and protecting 

/ \ the steelwork from corrosion. In 

grillage foumhaiotiH, 
126. the uppermost grill frequently 

iriwiew tv • i. , consists of built-np plate or box 
frS T w? in the various grills 

beams represents a single layer of 

font ?? ° carrying a loaded column. Let p tons per 

foot run = the upward reaction of the ground against the under side of 


Fid. 126. 
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each. beam. The portion AD obviously acts as a cantilever, subject to 
a uniformly distributed upward pressure of p tons per foot run, and 
tends to bend as shown by the dotted lines on the right-hand side. There- 
fore bending moment at D = ^ foot-tons = DE, and the semi- 
parabola AE forms the B.M. diagram from A to D. 

It is frequently stated in text-books and hand-books that DE is the 
maximum bending moment on the grillage beams. Mr. Max am Ende, 
M.Inst.O.E., has shown, however, that the maximum bending moment 

occurs at the centre of the beam, and = ^ foot-tons, where 6 is 

the distance from the centre of the beam to the edge of the base 
casting, or base plate, if no casting be employed.^ This may be 
demonstrated as follows 

Total upward pressure against AB X + J) tons = total 
downward pressure exerted over the length 26 feet of the casting per 
pitch width of beams. The central portion DE of the beam is, 
therefore, subject to a downward pressure 


9>p(a + h) 4- 6) 

26 6 


tons per foot run, 


and an upward pressure of p tons per foot run, or a resultant downward 
pressure > 

tQng per foot run. 

The span DK = 26, hence B.M. due to the resultant downward load 

= -? X foot-tons. 

6 8 2 

The parabola EHL having a central height 6H represents the 

pa 

moments over the span DK, due to the unbalanced load of y tons per 
foot, and since there is already a B.M. at D and K = -y , the total 

moment at DE -f GH = PH = ^ +"^2 ' 

It is sometimes urged that this moment will not be developed unless 
the casting bends appreciably, and, no doubt, the ^extent to which the 
moment PH may be approached in an actual^ foundation will depend 
on the relative rigidity of the casting and the girders beneath it.^ With 
a heavy steel casting, the yielding will be relatively small, but since the 
beams in the first grill are often much deeper than the casting, their 
rigidity is also considerable, and it is only reasonable, in designing the 
beams, to provide for the maximum moment PH, even although the 
actual moment may be somewhat less. Moreover, in the absence of a 
rigid casting, the relatively flexible base-plate of the column will readily 

* M%ns» Procee&ings Inst vol. csxviii. p. 36. 
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follow the deflection of the stiffer beams beneath it. The shearing 
force diagram is shown below, the shear increasing from zero at the 
ends of iUo beam jut tons below 1) and K, and decreasing again to 
zero at the centre. 

The following example illustrates the method of designing a grillage 
foundation for a column, 

BxAMPnB 21 , — A column carries a total load of 240 tom, ami %$ 
'mounted on a casiing havini) a lam 4 feet stiuare. The prmurc on the 
'ground is ml to emed IJ tom per sfiaare foot. Jictimred a suitable 
grillage foundation. 

Minimum ground area required « = 160 square feet, Tliis may 

he obtained by a rectangle 12 feet x lis^ feet 0 inches. The heavier beams 
will bo in the upper grill and may he 1 2 feet long. Five beams may 
be conveniently arranged beneath the four feet (jasting, in order to leave 
suitable room between the flanges for packing in concrete. Hence 
upward pressure per foot run against each beam of the upper grill = | 
of ^ ^ tons ; = 4 feet G inches, * =5 2 feet. 


.% B.M. at centre of each beam 


1-5 X 4T) . 4*r» X 2 




foot-tons = 54 X 12 = Ci-8 inch-tons. 

Employing a working stress of 0 tons p( 4 i' square inch, the nujuired 
modulus of section = = 72. 

The 14" x 6" X T)? lbs., has a modulus of 76*2. Ihmce the 
first grill may consist of live 1 1" X (’/' X .07 lbs, bi^ams spaccid at 
10 in. centres (Pig. 127). 

Assuming 16 beams in the second grill, the upward pnjssure per 

240 

foot run against each beam = of = }[ tons \ a — ^ feet 2 inches, 
J = 2 feet. 


u, " + “ 'nf 

foot-tons ss ^ X 12 = 19 1*25 inch-touH, and section modulus retpiired 

y 


The 8" x T)" x 28 lbs., has n modulus of Hence the 

second grill may consist of sixteen 8" x fi" X 28 lbs. Imiinw spimcd at 
10 in. centres. Four rows of plate separators may bo pliwetl Ixitwcen 
the upper beams, and tube separatora between the lower beams as 
indicated in Fig, 127. A deptn of l(i inohus of concrete is shown 
below the lower grill, the beams and casting being embedded «« in the 
figure. 

^1 Maximum shear at edge of casting for each beam in the upjier 
grill = {lx 4‘5 = IC'C tons. Sectional area of web = 12" x J" = <> 

sq. inohea Mean shear stress on web = - = 2*8 tons per sq. inch. 

Maximum shear, 4 feet 3 inches from end of each beam in the 
lower grill = § x 4-25 = 51 tons. Sectional area of web » 6'5 X 0'36 

= 2-27 sq. inches. Mean shear stress on web » *= tons per 
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sq. incli. These stresses are well wibhia the safe limit of working shear 
if the beams are well supported by the separators aad concrete. 



Pia. 127 . 


Practical Applications.— Some applications of the calculations to 
practical examples of columns apd struts will now be given. It must 
be emphasized at the outset that the principal difficulty in designing 
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columns is to decide whether they may bo treated as fixed-ondod or 
round-ended, or to what extent they may bo considered as approximating 
to one or other of these conditions of end support. In many cases this 
is a matter for personal iudgment only, and probably no two ixjrsons 
would arrive at the same conclusion in a debatable case. As previously 
noted, no column is ever as stiff as the theorolieally fixed-ended (solumn, 
and in assuming any practical eoluniu to be actually tixed-onded, its 
strength must thereby be somewhat over-estimated. 

In many eases, notably those in which piu-emlud connections are 
employed, no doubt exists ns to the coluiuns being round-ended, whilst 
in cases where considerable doubt exists us to tlie character of the end 
support, the safest procedure is to treat the column as round-ended. 

Exampm 22.— a mild-sM hrultjo-Mrut, IH ft. hmif, mmisdiiff of 
four mqhs with lattko brarmj miikr to fi/pfi lo, ix roqtiiroii to mi4 a 
trutximutn cotnprossion of 55 fews, Iho oiidx hoiiit/ Jittoil u'lth piu hoiiriiiifs, 
Dtdm a suitable section. 

Taking section No. .i, Type 10, with four 5 x H' X -i angles. 
r = 2-53". 1 = 18 X 12 = 2l(i". A = 15 siiuaro inches, 

i=2'«=«5 

r 

From the curve in Pig. 109, safe loud for ratio = h. 5, for round-ended 
struts = 8400 lbs. per square inch. 

Total safe load = j,, = <'ti \ tons. 


Pig. 128 indicates the general design. The width \V will depend 
on the interior breadth of the Iwom to which the strut is attoelied, and 



does not affect its resistance to bonding in the plane X-X. The con- 
necting plates P, P, must be attached to the angles by a sufficient 
number of rivets to provide the necessary resistance to shearing and 
bearing, and will furtner be reinforced by additional plates to give the 
necessary bearing area on the pins. The lacing bars usually consist of 
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flat bars from 2 in. to 2^ in. wide by upwards of | in. thick, and must 
sufficiently close to prevent local failure of the angles between two 
junctions as J, J. This is very unlikely to occur with the usual pro- 
portions of lacing m general use. The method of calculation for local 
failure will be given in subsequent examples. 

If the ends of the strut were securely riveted between very stiff 
booms the strut would approximate to the condition of having fixed 
ends. Section No. 1, Type 10, would then be suitable. 

r = res", ^ = 130 j and safe load = 10,650 lbs. per sq. in. 

A = 12 sq. in. and total safe load = = 57 tons. 


Example 28. — A stmt of the type shown in Fig. 129 es 7 /it. 6 m. 
long, and is reguind to r&sist a compression of 6 tons, ivitli pin-connected 
ends. Make a sidtable design for the strut in mild steel. 



'Fig. 129 . 


Struts of this type, consisting of two flats with distance ferules at 
F, F, are frequently used in roof trusses. By varying the length of 
the ferules, the two bars may be separated by any desired distance to 
give a suitable radius of gyrkion at the central section. They must, 
however, be tied together at sufficiently frequent intervals to prevent 
risk of local failure of one bar over the length FF. The dimensions 
adopted are shown on the enlarged cross-section at S. 

1. Considering local failure of one bar for the unsupported length 
PP. Compression on one bar = | = 3*0 tons. Sectional area = 

3*0 

X f" = sq. in. Pressure per square inch = =192 tons, = 4300 

lbs. r = I" X 0*289 (for rectangular section) = 0 18". The length 
FF must be treated as round-ended, since the ferules are incapable of 
fixing the ends in a strut of this type. 

The ratio - for a safe stress of 4300 lbs. per square inch = 136, 

Fig. 109, for mild steel with round ends. 

= 136, and Z = 136 x 0-18 = 24-5" = 2' Of, 

say four equally spaced rivets at 1' 10§". 

2. Considering failure of tbe strut as a whole with regard to 
bending in the plane y-y, and assuming |" rivets, A = 2‘34. 
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r = 0-827", I s= 90", and^: « ® 109 
'Safe load per square inch for i jog _ gooo 'n,g. 

T 

'®otal safe load = pructicuifly 6 'ton&a 

•3. Oonuidcrinjjf failure -as a whole with regard to l^ending hi 'the 
plari6 {T-ir. 

Moment »otf inertia aTbout y-y » X (t - S) X ^ 1*25*) k: 2*14. 

/2*14 

Sectiomd area = 2‘)M sq. in. r = a^/ =0'‘J5" 

I ^ (i^ “ 

/. Total Bafe load = 2%S4 x JiJIifl = 7*6 toiw. 


The strut is therefore slightly weaker as ntgurds i(.H rt'Kiatance to 

bending in the piano // -//. 

ExAMeiiW 2-1. A mild'sM ymtry 
column for ^apportiny Iho rail yirdvr of 
an omhu'l trandUny crane ts 21 ft. 
liiyh. The maximum load on if m *45 
tons, and the columns are efficiently braced 
ioyether lenytlarise of the yantry 

In Fig. 150, as regartls bonding 
transversely, the eolumns will la* (M|ui- 
valent to a round-ond(»d (‘.olnrnn MF of 
4H ft. length, or twice the length of the 
iictual eoluinn HO. For best r<*sisting 
bending in the transverse ]dam‘, the 
cohunim will be ])la(’ed as at 0 in plan, 
so that the greaU^st radius of gyra- 
tion com(‘H into play. Taking the 
broad-flanged beam section IT x IT x 76 lbs., the greattist radius 

/ 1 H X 1 2 

of gyration = 4-7:i". Hcotioual area = 2'i-2(i wj. in., and - - , 

r I * / 

= 127. 

The safe load for mild-stool round-ended columiiH for Ihw ratio 
= 4800 lbs. per sq. inch. 



Pia. 130. 


Total safe load 


4800 X 22-2(; 
2240 


«= 47-7 tons, or a little in excess 


of the load to be carried. With regard to bending in the plane X-X, 
the oolumM will realize a high degree of end fixation, and the section 
adopted will have a large excess of strength considered us a fixed-ended 
column 24 ft. long. 

It should be noticed that a complete examination of this case would 
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necessitate a consideration of the wind pressure P acting on the head 
and face of the column, which will create additional bending moment 
at the basal section. The area exposed to the wind by the ends of 
crane girders and face of rail girders w^ould need to be fairly accu- 
rately known in order to take account of this action. As this case is 
similar to a subsequent example, it will be treated more fully later on. 
For the present, assuming 80 square feet as the effective area exposed 
to the wind and a maximum norizontal' wind pressure during the 
working of the crane of 25 lbs. per square foot, the total horizontal 
pressure at heads of windward and leeward columns = 80 x 25 = 2000 
lbs. This is resisted by two columns, giving 1000 lbs. acting hori- 
zontally at the head of each column, resulting in a bending moment at 

the foot of the column = "^ " 224 ^ ^ ~ inch-tons. To this 

must be added the B,M. due to wind pressure on face of column. 
Area of face = say 24 square feet. Total pressure on column = 24 x 25 
:= GOO lbs., acting halfway up the column. 

B.M. = X 32 ^ gg 

2240 

Total B.M. due to wind-pressure = 129 -f 39 = 168 inch-tons. 
The section modulus of the 11" X 11" beam about X-X = 90*8. 

, . 1 168 - ^ ^ 

Hence bending stress due to wind pressure alone = =1*9 tons per 


square inch. This calculation will give an indication of the probable 
amount of stress likely to be caused by wind pressure under ordinary 
working conditions, and the irxll" beam section, as deduced 
when the wind pressure was neglected, will evidently be too light. 
Further disturbing action comes on the columns when the load is 
being cross-traversed. The additional B.M. resulting therefrom cannot 
be more than roughly approximated, but making a 
rational allowance for this, together with the wind pres- 2hns 1 f 
sure, a beam section 14" x 12" x 101 lbs. would be a TH T 

reasonable section to employ. ill 1 

Example 25 . — Deduce a smtadle section for a mild- j | 

steel column 20 ft, )wjh, supporting a m?tual load of i// I 

tons and a horizontal pressure of 2 tons dm to wind, j 240 " 

acting at its upper end, ' If ' 

These conditions of loading occur in the case of |l * 

columns supporting roofs. The action of the loads is j j 

similar to that m the last example, excepting that the Ij j 

vertical load m the case of a roof is platively small, | 

whilst the bending action due to the wind is consider- ^ ^ 

able, and usually constitutes the principal cause of stress 
in the column. This case will be considered more fully fio. 131. 


than the last. ^ ^ j ^ xi. 

1. Calculate the horizontal deflection d, Fig. 131, due to the 
pressure of two tons applied at the head of the column. If the lower 
end be firmly fixed to an adequate foundation, the column is acting 
under similar conditions to those obtaining m a cantilever fixed at one 
end and loaded at the other. 
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WP 

Dofloction rf = > 1 . 


whoroZ = 240'',W = 2 tons, ihj<1 H » 18,400. 


The deflection cannot be caloiilati'd untii I ih known, and Hinco 
tins depends on the cross-section ado])ted for the column, a prelimi- 
nary value must bo assumed for I, which will probably require 
correction before finally dceidhiff on the crosH-Hection. Taking' the 
British Standard beam section 1 1" x 0" X >>7 llw., from the soctiou 
book, A = IG‘77 square inches. I = r»8:i, and the section modulus 
= 70-15. 


Deflection x 


2 X (210)* 
18, 400 X 588 


1 - 2 !)" 


B.M. at foot of column, duo to horl. pressure -- 2 x 2 lo = iKo in.-tons, 
„ „ Yorll. „ =r»xl-2'.ls5 (i-ir, 


ToUd B.M. .180-4.5 „ 

and stress duo to bending at foot of column = = ± <>-8!) tons 

per square inch, that is, li-8i) tons per wpiai-e inch eomproHsion on 
concave or leeward face of section and (5-80 tons per square inch tension 
on convex or windward face of section. 

Ji 

Direct compression = = 0-8 ton jier square inch. 

^ .*. Maximum compressive stress at concave side =- (i.8!) -|- 0-8 -- (i-GO 
and „ tensile „ convex „ =- — G-81l4-0-8=: — G-O!) 

tons per square inch. As these stresses are well within the safe limit 
for mild steel, implying a factor of safety of just over 4, the 1 1" x G" 
section may bo adopted. 

Note, — The above calculation neglects the small uilditmal d(‘fle.c- 
tion caused by the vurlml load of .5 ions, once the column is dellectod 
away from the vertio.il. lii the great majority of cises, the additional 
B.M. due to this deflection is very small compared with that due to tlie 
horizontal pressure, and may bo safely negleeted. It should he taken 
into account if the vertical load is very heavy, which is seldom the case 
in roof construction. The B.M. of (5 -1 5 inch-tons, due, to the de.fleetion 
of 1-29 in. is also very small compared with 180 inch-tons, and might in 
this case also have been iicglecUxl without appreeitibly alTecting the 
result. The calculation further assumes exact central loading. If a 
reasonable amount of “ accidental ” or “ equivalent ” ucoentriidty of 
loading bo assumed in accoi-dauce with the theory previously stated, it 
would, iu this case 

= e = _ e.ci," 

y 7" > 

and this again would have little influence on the total bonding moment, 
on account of the small vertic.al load. The inference to ho drawn from 
examples such as this, is that slight eccentricity of loading and deflec- 
tion within reasonable limits have little bearing on the practical design 
of columns under light vertical loading, whilst the relatively large 
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horizontal load acting at the great leverage equal to the length of the 
column practically converts the case into one of beam design. It is 
advisable to calculate the deflection for any proposed section, in order 
to make sure it does not exceed a reasonable limit, since a relatively 
large deflection alternately to right and left would exercise a deteriorat- 
ing effect on the stability of the foundation and on the connections at 
the head of the column. 

Example 26. — Required a strut sectm consisting of tm angles lack 
to lack, ^ in, apart, to resist a compression ofl^ tons. Length 10 /jf. Ends 
considered fixed. 

This type of strut, Fig. 132, is largely used in roof trusses and light 
lattice girders. It is not an economical form since the load is necessarily 
applied eccentrically. The rivets connect- 
ing the strut with a junction plate or neigh- 
bouring member, pass through the centre 
00 of the vertical legs V, V, of the angles, x 
whilst the axis XX passing through the c 
centre of gravity of the cross-section is dis- 
tant d from 00. 

Assuming two angles 4" x 4" x y\ the 
least radius is about the axis XX, which is 
situated I* 18 in. from the upper edge of the 
section, and bending takes place most easily in the plane YY. The 
centre line of rivets 00 is 2*25 in. from upper edge and the eccentricity 
d IS therefore = 2-25" -1*18" = 1-07". 



Least radius of gyration about X-X =1*227 in. 

The maximum intensity of compression will occur at the edges V, V, 
of the vertical legs. These are distant 2*82 in. from the axis XX. Hence, 

yd 2 82 X 1*07 3*01 _ 

1 227 X 1*227 1*5 ^ 


and 


•. 2'4 + 0-6 = 2 G 


The strut being considered fixed-euded and 10 ft. long, the equivalent 

I GO" 

round-ended strut will be 5 ft. long and - = = 49, say 50. 

Refeiring to the curves of safe loads for eccentrically loaded mild 

nd 

steel struts. Fig. 113, for various values of ^ -f- 0*6, the safe load for 
I vd 

ratio - = 50 aiid=^ -f O’C = 2-6, is 6000 

f y*" 


per square inch. (This 


value has been interpolated between curves Nos 2 and 3.) 
Sectional area of two 4" X 4" x angles = 7*5 sq. in. 

load = — 22 ^ 0 — = 20*09 tons, 


or 2 tons more than the specified load. This section will therefore be 
satisfactory. 
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X-j 1 J — 


Note— Oiiro should bo tivkon to (wsortain td«mt which aris the 
radios of gyration is least. For struts foruied of two n/iutt angles, the 
least radius is almi/n about X--X. If two metjuitl angUw bo tuod with 
the longer logs back to back the lo»wt radius may bo about X-X or 
Y-Y, dopending on the size of angles us(ul. 'I'lu! angles are riveted 
together with f in. or J in. thick buttons or wusbers between, at sufficiently 
close intervals to in-evout local failure of one angle. 

BxampIjM 27. — A Mtm Ixix ninit of 'Pi/pf II, in m/iiiml for a 
Jiorkoiifd mini bnm Miropii Uw main t/irdon of u hridije. Tho leiujtk 

j m ;t() foot and maximum romiirosHinn If* tim, 

Oldaiii a HuUddo oor/ion, treaHnn tho mh an 
' ,L. 1. I roHudod. 

1 '^1 j In this_i‘.xain]ile, the strut btting in a hori- 

X.J X J 4x iiontal nosition, three actions are to bts (ionsidored. 

i I I 1. Tho Iwnding stress due to the dead 

'l 1 i weight of the strut. 

L i .J Tho bending stress due to tho ddlection 

I'liiriis. thrust. 

)t. The direct c.omprcssion (iaiised by tho 
end thrust of IS toim. Assuming tho section in Fig. i:!;t, (umsisting 
of four X 2)f' X f' angles, laced on all four h1<Icb with if' x U' 
lacing bars, tho approximate! weight of the strut for a length of .SO ft. is 
about 1050 lbs. This, acting us a distributed load, will create a bonding 
momont 

IV/ 10.50 X :i0 X 12 

= — aaio X « inch-tons. 

Prom the section book, the moment of irn^rtia of one ubout 

= 0*080, and sectiomil area = r7ib‘J wi. in. 


Fiu. 138. 


, Mt. of inertia of one an}i[le 
about X-X 


j= 0-i)H'.l + r7:0! X 2:!)"= IH I 


and Ix for four angles = IS'l x I = liOlMi, say nil. 'I'etal sectional 
area = l-78:i x 4 = wp in. 


(Radius of gyration/ = =- 27'!) 


Making allowance for an “ oipiivalont occcutrieity ” of loading 
_ ()•«/■* _ 0-(! X 27-i) _ 

the deflection caused by the thrust of 1.5 tons acting at this eccentricity 

^ 1.5 X 3(10“ X 2-7!l ^ 

8 El - fPl’* 8 X llMOU X 1!)4 - -J X 1.5 X 3(10’' 

r, \y/j 

The deflection caused by tho dead weight of tho strut = j X -jijp 

which, substituting the known values for W, /, E and I, =0*12 in. If 
this be added to the eijuivaleut occentricily of 2*75) in it gives a total 
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eccentricity of 2*91 in. and the resulting deflection due to end thrust is 
0*3 in. instead of 0*29 in. as above calculated. The effect of this 
deflection of 0*12 in. (due to dead weight J is so slight in cases of light 
struts, it may be neglected. Total eccentricity = equivalent eccentricity 
+ deflection due to end thrust = 2*79 + 0*30 = 3*09 in. 

B.M. at centre of strut due to 15 tons end thrust = 15 x 3*09 = 46*35 
„ „ due to dead weight = 21*10 

and total B.M. = 67*45 inch-tons. 


fl f X 194 

Moment of resistance of section = y — = 67*45; whence 
/ = ±2*1 tons per sq. inch. 


Direct compression = = + 2*2 tons per square inch. 


.•. Maximum stress at upper edge of section = + 2*1 + 2*2 = 4 3 
and minimum „ lower „ = - 2*1 + 2*2 = 0*1 

tons per square inch, compression in both cases. 

Note.— If the tensile stress caused by bending is found to more 
than annul the direct compression, the calculation should be revised, 
deducting the rivet holes in calculating the I of the section. The 
maximum stress of 4*3 tons per square inch is rather low, but making 
allowance for the fluctuating action of wind load, a lighter section is 
not commendable. It should be noted also that corrosion is more rapid 
in light lattice work of this description, and the 
working stress should be lower than in heavier parts 
of the same structure, in order to secure approxi- 
mately equal length of life. 

Example 28. — Three girders are connected ivdh 
n column 20 feet liujh^ as shown %n 'plan in Fig. 134. 

Thegirdet conneited with the flange imposes a load of 
36 tons, and those connected tvdk the web^ loads of 20 Y 

and 12 tons. The column cauies, m adddion^ a Fia 1S4. 
central load of 40 tons, Reguued a siidable section. 

This illustrates a very general case of eccentric loading. The 
eccentricity in the plane Y-Y is relatively large. 

Taking moments about o, and assuming a 12" x 12" beam section, 
36 X 12" -1- (12 + 20 4- 40) x 6" = 108 X go, whence go - 8", or the 
centre of gravity of the total load is situated in a plane passing through 
g, 2 in. from the axis X-X. The eccentricity in the plane X-X is 
very slight, as will be found by taking moments about Y-Y, and for 
practical purposes, the eg. of the loads may be assumed at g on YY. 
The intentional eccentricity e' = 2 m. Radius of gyration of section 
about X-X = 5 07 m. Hence— 



+ 0 - 0 ..0 = 10 , 


Treating the column as fixed-ended, the length of the equivalent 
round-ended column = 10 ft. or 120 m. 

Ratio ^ = ^“ = 24. Referring to Fig. 113, the safe load per 
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square inch for ratio 21, from curve No. 1, in 11,200 Ibn. Aft the 

value of ‘p + ()•() 18 lioro a little hij(hor than 1, the ftufe loud will be 

a little under 1 1,200 lift., my 1 1,000 lbs. 

, _ , 2JH1 (bccU. area) X 11000 . 

A Safe load on column = • - - « 1 1 (» tons. 

^riie total load is Jictnally lOH toiw. 

Foundation Blocks for Columns.— It m my (mmtiul that founda- 
tion blocks for coluinnH may not mulmxo any apprtujiubltt HubHideuoe, 
as the sbroftSCH in the inetuborH of tlio Htnu^turo <jarri(Hi l>y the columns 
would thereby bo seriouftly affected. I'he Bubnoil mimt tluTeforc 

g rovido a firm bearing]; surface, and thii Haftj nremtire on the soil not 
0 exceeded. On gravel ami hard (ilay foumlalioris tin* Huftt prtusure 
may bo 4 to b or (I tons i)er s({uare foot, (irilluge foundations are 
preferable to concrete blocks where the safe pressure is lu‘low tons 
per S(maro foot. In the case of eolumns <tarrying 
central loads only, the foundation block simply re(pureK 
to be of Bidlicumt area to re<lnct{ the bearing on the 
soil to the required safe limit, ami of suffunent depth 
to resist shearing of the bltxtk along a Vi*rt.ieiil plane 
beneath the tulgt*. of the base plate. In tlie case of 
columns subject to side loads, the etmtre of pn‘SHure 
may fall very near one edgni of tin* foundation blotik, 
especially where the vm'tituil load on the (‘olumn is 
small. In Kig. mb a eolunm 2o f(*(*t high is bolted 
to a concrete base 4 feet M|uan* and n f<*ct (i(‘<*p. The 
column curries a vertical load of 12 tons, iiieluding its 
own weight, and is subject to a horizontal wind 
pressure of 1 ton at the top, ami .[ ton at the 
centre. The resultant horizontal presHun*-- 1} tons 
acting at a point 2 1 feet above the foundation 'Phe 
weight of the foimdution block a(, 1 lo lbs. per 
cubic ft. = tons, and total vertical loud on foundation - I."* tons. 

Ilenco centre of pressure j; is situated of 21' 1' U" from or ;; in. 

from edge of base. The resulting maxiiinnn intensity of pressure on 

foundation at ^ - -u,) = tons p<!r wp ft. (see page 3HH). 

Provided the foundation will resist this pressure without appriiciahly 
yielding, the column will not tilt. If, how'evt^r, this |>n*Hsur<i <‘xc(‘(‘ds 
what may be safely put upon the soil, the bearing area of the base 
block must be increased. 

Suppose a column of the same height to carry an inclusive veriiial 
load of 50 tons, and to be subject to the. same horizontal presHures. 
l^mg the same size of base block, the centre of pressure is 

of 21' = 0-49', say 6 in. from r, or IH in. from and intensity of 
pressure on foundation ab ^ = 4 f (a - 1 |) = 5-8 tons i)cr Hq. ft.' 



i^ia. 136 . 
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On a hard foundation this would not be an excessive pressure, and it will 
be seen from this example that a lightly loaded column may require a 
foundation block quite as large as a much more heavily loaded column, 
when subject to lateral pressure. In practice there is usually 1 to 3 
feet of earth over the top of the block, and a little additional stability 
is derived from its weight. 

Foundation Bolts for Columns. — In cases where the centre of 
pressure due to the resultant of all the vertical and horizontal loads 
above the base plate falls within the base of the bolt holes, there 
will be no uplift^ on the foundation bolts. Frequently, however, 
with columns subject to lateral wind loading, the centre of pressure 
falls beyond the bolts on the leeward side of the column, and the 
windward bolts must have a sufficient section to safely resist the 
resulting uplift. Considering, Pig. 136, height of column above base 



Fig. 137. 


Fig 136a. 


plate = 24 feet, and above ground-level 22 feet. Longitudinal spacing 
of columns 20 feet. Roof span, 40 feet, with rise 10 feet. Suppose 
the columns to carry the side of the building and to be exposed to a 
maximum horizontal wind pressure of 30 lbs. per square foot. Then, 
total wind pressure on side per 20 ft. lengtli = 20 x 22 x 30 lbs. 
= 5‘9, say G tons, acting at 13 feet above base plate. Assume the 
effective horizontal wind pressure against the roof as 1*5 tons acting 
at 20 feet above base plate, weight of roof per 20 ft. length, 7 tons, 
and weight of each column 2 tons. Lastly, take the weight of roof 
girder, framing, and corrugated sheeting for one side of building per 
20 ft. run as 2^ tons. 

If the connection of the roof with the columns be very stiff and 
rigid, the lateral wind pressure tends to tilt the structure as a whole, 
with the result that the pressure on the windward columns is reduced, 
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and that; on tho leeward columns iucreiised. Let U = upward reaction 
beneath column A. ''Pako moments about U-- 

R X 40' + {> X 18' + 1-5 X iiO' = 18 (total wb, tons) x 20' + 8 
(vortl. coiupt. of wind) X 8()' 

/. 11 s= 7*02, say 7 toiiH. 

With a firm attachment at 0, the column will bond «is shown in 
Fig. 18 (Ia, with revcmal of <mrvature at R, HitiuitiKl at one half the 
height of tho column above the Inise plate, or at a somewhat less height 
varying with the depth of the roof truss cmuuHiion. ^ As the exact 
position of P is doubtful of location, tissunie it iu tiui highest possiblo 
position, ie. 12 feet above Imse* The total horixontul pressure npi)lied 
above this level =» of rf)) horizontal component of wind reaction 
at 0 + (^5 of C) proportion of wind pressurit on fats* of building, 
applied above V = -I ‘.81 tons. This pressunj is trausftTrcd to P, where 
it acts as a coiusoutrabed load apnlied at 12 fe(‘t abovti the htise. The 
wind load on tho face below level of V -r* JIJ of (> 2*78 tons applied 

at 7 feet above the huso. 'Phe dinamsionH of I he bast^ plattj and 
spacing of bolts arc shown in Fig- 187. As tin* strip of plate bet.ween 
the leeward bolts L, h, and outer edge 00, is relalivtdy weak, it 
appears reasonable to take moments about hh in tjonsitlcring tin* uplift 
on the windward bolts W, W. Let T = Leusiou iu mdi windward 
bolt, then, taking moments about LL, 

2T X 2.V + 7 tons X I,V = I -81 x 12' + 2*78 x 7', 
whence T = 18*4 tons. Employing a working str^KH of H tons i)er 
sq. inch, sectional area = = 1*87 wp in., and diameter of bolt 

having this net section at bottom of thread k- i] in. 

With tho usual type of (tonncclioii of V-roofs to (solumns, th(‘ degree 
of rigidity assumed above will seldom be. r(‘aliz(*d, aud the roof will 
tend to rack over us in Fig. 102, A. In such a eaH(‘ the lateral pressure 
on tho roof will be appIuKl at the head of tlie (‘(duiim lusttMid of at I*, 
and the pressure on the face of the strm^ture will all bi* applied luilf- 
way up the covering. Iu cases where a fair amount ol rigidity may ho 
attained by the use of knee braces, c((\, the point P will be situated 
somewhere between the head and centre of the column, but its i‘.xaet 
location is practically impossible. 

Compound Columns.— Oomiiouiul columiiH consisting of two or 
three beam sections connected by tie-plates or bracing nn\ larg(*ly used 
for supporting crane tracks and roof in works Imildings. With tie- 
plates as habitually employed, the distribution of load amongst the 
individual beam sections will bo very imperfe(*.b, and eaeli beam will 
practically carry the load resting immediatedy upon it- Thus, in the 
column in Fig. 95, 13, the two outer beams support imudi heavier loads 
than the central one. Tie-plates, as here suown, may only bo con- 
veniently riveted to the outside halves of the flanges of tho outer 
beams as well as to both halves of the central beam ilangoH, and will 
therefore be of little value in transferring a portion of the outer loads 
Wa and Wg to the central beam. If stiff diagonal angle or channel 
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Wcing 1)6 employed instead of tie-plates, the load distributioTi Trill be 
more equal, although still incapable of exact determination. The tie- 
plate compound column is uneconomical and much inferior to a com- 
pound column with continuous plates. 

Live Loads on Columns . — No hard-and-fast rule can be followed 
in the treatment of hve loads. These are so variable in character and 
effect that each case must be considered on its own merits. The most 
suitable procedure will be to increase the moving load by a suitable 
percentage, dependent on the character of the load, and treat the 
resulting increased load as so much equivalent dead load. In extreme 
cases, where columns are liable to sudden shocks, it will be necessary to 
increase the live load causing such shocks by nearly, or quite, 100 per 
cent. Where the live load is more gradual in rate of application a 
lower percentage will serve, but its estimate must be the result of 
careful judgment. In designing columns for supporting crane girders, 
the crane load should invariably be doubled. 

Maximum Rivet Pitch in built-up Steel Columns. — If the pitch of 
rivets connecting the outer plates with the mam members of built-up 
or compound columns be too great, there will be 
risk of local failure of individual plates by buckling, 
as shown in Pig. 138. In a column composed of 
separate elements, such as two or more plates con- 
nected by angles or channels with other rolled 
section bars, the strength of the column will be 
represented by that of its weakest component. 

The outer plates of built-up columns possessing a 
smaller radius of gyration than the other com- 
ponent sections, are the most liable to fail by local 
buckling, whilst from their position in the cross- 
section (farthest from the neutral axis) they are 
further subject to the maximum intensity of stress 
due to both bending and direct compression The 
tendency to buckle of the local unsupported 
lengths of plate, such as ah, will be most marked 
in the case of short columns very heavily loaded, or 
longer columns subject to relatively heavy lateral loading. In both 
these cases the maximum allowable compression of, say, 0 to 10 tons 
per square inch may be approached, and the vertical pitch I of the 

rivets must be such that the ratio - does not exceed the value corre- 

r 

spending with this working stress ; r being the radius of gyration for 
the thinnest plates employed. Again, a length of plate, such as ah, can 
be very little stronger than a round-ended column, since the only 
fixation tending to constrain it to act as a fixed-ended column is that 
derived from the grip of the outer edges of the rivet heads, whilst the 
plate is considerably weakened across the section of the rivet-holes, 
especially where the rivets may be four or six abreast. 

The ratio ^ for a safe buckling stress of 24,000 lbs. per square inch 
for mild steel columns with rounded ends is 65 (from Euler’s formula), 



Fig. 138. 
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and T for f in. plates =: 0*108 ia., for i in. plates « 0*1*14 iu., and for 
I in. plates = 0*18 in. 

Hence, maximum safe pitch of rivets in enter plates— 


f thick ==« 60 X 0-1 OH" 
I" „ = (If) X 0*144" 

f „ = 05 X 0*180" 


7'0:i" say 7" 
0*80" „ i)«" 
Jl-70" ,,11"" 


Plates I in. thick will seldom bo employed in compound columns. In 
order to keep well within any posaihlc risk of local failure, a maximum 
pitch of (i in, may bo adopted for § in. plates, 5 in. for J in. phiU‘8, and 
4 in. for f in. plates, since other inlhiences, such as the transverse pitch 
of the rivets, also enter into consideration. That values will bo 
amply safe is also borne out by the results of testB of columns in which 
failure has taken place by local buokliuj^ of tlui jtlates. In prae.tice, 
4 inches is very commonly adopted as the rivet pitch for any ordinary 
thickness of plate. 

Proportions of Lacing in Laced Columns. Columns of Two Beam 
Sections with Lacing. Eig. 158a (a). 



B 



'Widfc^ h of beam flango 
Width of laoing bar 
Diamotor ol n'votfl . 



H 

7\ 1 7 

0 

5 

»» 


A 1 


» 

inch 

7 1 

1 1 1 



Minimum thickness of lacing bars for single huung imsIiiK'd 50” = 
Minimum thickness of lacing bars for double lacing im^hned 45” = 
Single lacing is suitable for values of d not cxf^e(‘ding 15 inclu's. 
Columns of Two Channel Sections with Lacing. Fig. J5 Ha (n). 


Depth of ohannol . 
Width of bar , 

Diameter ot rivets . 


. inchoff 

17 

15 

lii 

10 1 1) 1 

H 1 

• »» 

as 



. “1 1 -i 

if 1 J 

121 1 

. inch 

. 5. 

1 1 

a 1 

•/ 1 


7 

2 


_ Minimum thickness of lacing bars for single lacing inclined 50” =: 
Minimum thickness of lacing bars for double lacing inclined 45” = -M, 
Single lacing suitable for values of* d not exceeding If) inches, ivc 
lacing bars should he used less than § inch thick. 





CHAPTER VI. 


PLATE GIRDERS. 

Plate girders consist of a combination of plates and angles riveted 
together in the manner sliown in Pig. 189. The web plate is 
necessarily continuous from end to end of the girder, but may vary in 
thiclmess. The flanges are usually composed of a pair of flange angles 
continuous for the full length of the girder, and one or more plates, 


'^F/onge JinghSi 
l^mhPJaU 

,^n^eP/o^e 
Fig 199. 



not necessarily extending the full length of the girder. Different 
forms of flanges are occasionally used, especially m America, and 
examples of such are given in Fig. 140. 

Emxomk Limiting Span . — The principal difference between plate 
and lattice girders lies in the construction of the web. The continuous 
webs of plate girders require no complicated and expensive connections 
with the flanges, but tor very large girders the depth of web necessitates 
special stiffeners, or very thick web plates, which add considerably to 
the weight and cost of the girders. These considerations limit the 
span for which plate girders may be economically used to about 
100 feet, above which some form of lattice girder would be more 
economical. 

Depth . — The stresses in the flanges, and consequently the flange 
area, vary inversely as the depth of the girder, but the sectional area of 
the web plate increases rapidly with an increasing depth of beam. The 
present practice, which has been found to give economical proportions 
of flanges and web, is to make the depth of plate girders equal to to 
of the span, according to the purpose for which they are to be used. 
Breadth of Flange . — If girders be unsupported laterally, a sufficient 
width of flange must be adopted to resist any side pressure that inay be 
imposed on the girder, No general rule can be given for the flange 

191 
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width, oa account of the very vuryinf? latenil forces to which the 
girders may bo subjected ; each case must bo considered for its special 
conditions of loading. To prevent local bnokliiig, llange plates suoald 
not project more tlian 2 to 8 iHclics beyond the ilwige angles, or they 
should bestilTencd by knee web stiffeners at freejuent 
intervals. 

E»Um(ed ir«V/A/.— The weight of plate girdera 
depends upon the systi-m of loading, the unit 
stresses adopted, and other fuotoffl, so that no 
accurate general formula can be dwlutjud, but the 
weight as obtained from the formula given in 
Chapter 11. may be used as a lirat approximation. 

Heoiiomtl Aren of Flaiiffeo.- In Fig. i.ii tlie 
modulus figure for a plate girder is shown, and 
demonstnites the small part played by the web and 
the vertical legs of the angltis in resisting the bend- 
Pia. idl. '“S stresses. Except for very light girders, the re- 
sistance to bending of the web and V(!rtieal legs 
of the angles is neglected, and the llange plabw and horisoutal legs of 
the angles made suflioiently strong to resist the whole of the bending 
stresses. 

Let D = distance between centres of gravity of fianges. 

/= maximum intensity of stress in the flanges. 

A = total area of each llange. 

Since the thickness of the flange is very small (sompared with its 
distance from the neutral axis, the stress in the flanges may be con- 
sidered 03 eijuolly distributed over the whole of the flange section. 
The flange area may then be considered as concentiated at its centre of 
gravity, and the efeotwe depth of the girder wpial to the distance 
between the centres of gravity of the flanges. 

The moment of inertia of tlie flanges 
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D must be measured in the same units of length, as the bending 
moment. 

Example 29 . — -To find u sviMle section of flange at the middle of the 
span for a plate girder 60 feet spa% 5 feet deep, carrying a distributed 
load of 2 tons per foot run, the stress not to exceed 8 tons per square 
inch. 

The bending moment at the middle of the span 

_ 60 X 2 X 60 
8 

= 900 ft.-tons 


The net area of flange required 


, = 22*5 sq. in. 


a ose a flange width of 18 inches and 4" x 4" x angles be 
The area of the horizontal legs of the angles, allowing for 
I in. rivets, 

= (8 - 2 X jf) X I 
= (say) 8 square inches. 

The area of plate will therefore 

= 22*5 — 8 = 19*5 square inches. 

Thickness of plate = .. = 1*2 in, 

^ 18 - 2 X it 

This thickness may be made up by using two f in. plates, or two 
I in, plates, and one i in. plate, as in Fig. 142. 

Thickness of Web Plate , — It is usual when designing plate girders to 
assume that the web resists the whole of the vertical shearing force, if 
the flanges be parallel. The action of the stresses in the web is a 
matter of great controversy, and various methods have been suggested 



Fig. 142. Fio. 143, 


for calculating the required thickness of the web. The shear in the 
web is accompanied by tensile and compressive stresses acting at right 
angles to each other, and m parallel girders, at 45® to the vertical, 
Pig. 148. The web plate along ab is therefore in compression, and 
may fail in a similar manner to a long strut. 

Let t = thickness of plate. 

I = length along ab. 


0 
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The least radius of gyration 


The ratio 


- / -f ^ ^ ~ 
~ V 12'x t V 

[ _ i/n 

T t ~ 


The ends may be assumed fixed, and the safe intensity of stress 
obtained from the curve in I'^ig. 109. The actual intensity of stress 
along the Hue al is equal to the intensity on a vertical section of the 
web due to the vertical shear at the section, ie. the vortical shear 
divided by the sectional area of the web. If the stilfcnors of the 
girder be placed closer together than the deptli of the girder, the length 
I will be reduced to the distance between the stiftcuers measured along 
a lino at 4r)® with the vertical. 

Another, and perhaps the most widely adopted, method of design- 
ing the web is to limit the intensity of shear stress on the vertical 
plane to a fixed safe value. The thickness of the web will by this 

method = 

where S = vertical shear at the section ; 

D = depth of web ; 

/, =! safe intensity of shear stress. 

/, may vary for mild steel between and 2'6 tons per square inch. 

To allow for corrosion the minimum thickness of web plate should 
be f in. Theoretically, the thickness of web plate should increase 
towards the supports, but the maximum thickness is usually employed 
throughout the length to overcome the difficulty of flange connection. 
In cases where the web changes thickness, packings must be placed 
under the flange angles. 

Stiffeners . — To strengthen the web against buckling stiffeners are 

riveted to the girder at intervals 
along its length. 1'he usual forms 
of stiffeners are shown in h'ig. M4. 
a is a single angle stiffener used to a 
largo extent in America, but seldom 
employed in this country. A tec 
stiffener as at o is the more usual 
Englisli typo, and has the advantage, 
when used at a web joint, of being 
riveted directly to both ])ortions of 
the web. At d is shown a gusset 
stiffener, used whore the flange has 
a largo overhang beyond the flange 
angles. It servos to support the plates 
of the tension flange and reduces 
the buckling tendency of the plates 
.... in the compression flange. It is also 

very effective in stiffening the girder laterally. The stiffeners a, b, and c 
are oonied over the vertical legs of the flange angles either by placing 
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packing plates eqaal in thickness to the flange angles bebween the web 
and stiffeners or by joggling the ends of the stiffeners an amount equal 
to the thickness of the flange angles. The former method adds 
majierial to the girder, but, except in cases where the flange angles are 
very thick, is less costly than the second method. 

Although formerly the spacing was much greater, it is now cus- 
tomary to space the stiffeners at distances not exceeding the depth of 
the girder. The modification of the stresses in the web due to the 
introduction of stiffeners is at present very uncertain, but there is no 
doubt that stiffeners spaced at distances greater than the depth of the 
girder, do, to a certain extent, stiffen the girder ; the closer spacing, 
however, conforms better with the theory of the principal stresses in 
the web. In deep girders the joints in the web plates will necessitate 
covers and stiffeners at intervals of less than the depth, and in no case 
should the spacing exceed 5 feet. 

Fitch of Rivets in Flange Angles . — It has already been proved that 
the intensity of horizontal shear along any horizontal plane of a beam 
AYS 

is equal to and the total stress for one foot length of the beam, 

supposing the intensity to remain constant, = . The rivets 

through the vertical legs of the angles must resist the horizontal shear 
stress between the flanges and the web. The moment of inertia of the 
flanges may be assumed = 2AR® 


where A = the area of each flange ,* 

E = distance of the centre of gravity of the flanges from the 
neutral axis 

= half of the depth of the girder 


= = Y, in the above formula. 

2 


Substituting these values for I and Y- 
12AYS 


= 12 


X 5 X S' 
2 


aA X 


a; 


12S 

i) 


the depth D of the girder is measured in inches. If D be measured in 

feet, the horizontal shear per foot length = jj, that is = the average 

vertical shear per foot depth. 

Let E = resistance of one rivet. 

8 

Then the number of rivets required per foot length = 

R will be the resistance of one rivet in double shear, or the bearing 
resistance of one rivet in the web plate or angles, whichever is the 
smaller. It is obvious that the pitch of the rivets through the flange 
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plates would, by calculation, be greater than the pitch of the rivets 
through the web, but for practical reasons the same pitch is adopted. 

Lateral Bracing is introduced between the main girders 

of bridges to provide the necessary stiffness against lateral wind 
pressure. The flooring members will generally sufficiontly stiffen one 

"^Pereptf- Glrdtrs T 


•Trough Floorlm 



Diagonal Anqio Brocinf 
Fia. 146. 


S air of girder flanges and the remaining flanges may be stiffonod by 
iagonal angle bracing as shown in Fig. M.’), by overhead bracing 
08 in Pig. 361, or by specially wide stiffeners riveted to the dock beams 
and webs of the girders as in Fig. 160. 

Exakflb 30. — ^Design of plate girders for 26-ton crane, 60 feet 
span. 

Let it be supposed that the specification roiiuiros the following 
working stresses and particulars to bo adopted. 

Working strmes not to exceed — 

Tension .... 7 tons jjcr square inch 
Compression ... 7 „ 

Vertical shear in web „ „ 

Rivet shear . . . C „ „ 

Bearing pressure .8 „ „ 

Double shear to be taken equal to 1 1 times single shear. 

Flanges . — The tension flange to bo calculated on the not section, 
i.e. the gross section of the plates and horizontal tables of the angles 
minus the area of the greatest number of rivet holes in any trans- 
verse section, and the area of any other rivets that may occur within 
2i inches of such section. The diameter of the rivet holes to he tufom 
as inch larger than the nominal diameter of the rivets. Where the 
flanges are parallel, the compression flange to have the same gross urea 
as the tension flange. 

Wei — ^The minimum thickness of web to bo f inch. The shearing 
resistance of the web to be calculated on the gross area of the web at 
any vertical section. 

Depth.— T da depth of the girders at the centre of the span to be not 
less than the span. 

Let Fig. 146 represent the effective depths of the main girders. 
The loads supported by the girders consist of— 

(1) Load to be lifted 
(2) Dead load of crab 
C3) „ „ girders. 
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20' ^ — _ 20' —nil— ^ go' — 

Fig. 146. 


The load raised (25 tons), when lifted suddenly, will exert a pressure 
on the girders far exceeding its actual dead weight, and in an extreme 
case equal to double its dead 
weight. It is therefore neces- 
sary to increase the dead load 
lifted to the probable force it 
would, at any time, exert on 
the girders. In the present 
case, 100 per cent, will be added for this dynamic action, making the 
equivalent dead load on the crab equal to 50 tons. The weights of 
crabs vary, and the weight would, in an actual design, be obtained after 
the crab had been designed. Seven tons being a probable weight for 
such a crab, will be adopted. The axles of the crab will be assumed 
to be at 5 feet centres. The total load on each wheel will then be 

— = 14J tons. An estimate of the dead weight of the girders 

may be obtained from the formula given in Chapter 11. Dead weight 

of girder = 

^ 530 


whore L = span of girder in feet, 

W = an equivalent distributed load producing a maximum 
bending moment equal to the maximum bending 
moment produced by the live loads. 

In this case the wheel loads may be assumed concentrated at the 
middle of the span, when the maximum bending moment would— 

_ WL „ 2 X 14i X 60 
4 4 

= 427*5 ft.-tons. 

The equivalent distributed load to produce a similar bending 
moment — 

= WL^;^xp^4275 

H H ^ 

W = 57 tons 


The approximate weight of each girder will therefore 

_ WL _ 57 X 60 
53(i 530 

= 6'4 (say) G J- tons. 

The bending moment diagrams may now be constructed by the 
methods illustrated in Chapter III. 

In Fig. 147 « IS the curve of beud’ag moments for the assumed 
distributed weight of the girder, b is the curve of maximum bending 
moments produced by the axle loads, c is the curve of total bending 
moments obtained by adding together the ordinates of a and ^ ^ ^ 

The horizontal flange stress at any section is obtained by dividing 
the bending moment at the section, as scaled off from the curve c, by 
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the effective depth of the f;irder at the section. The horizontal stress 
thns obtained will be the direct stress for the horizontal portions of the 



flanges. The direct stress in the inclined portions of the lower flange 
will be to the horizontal stress as the inclined length is to the horizontal 
length. If ab, Fig. 148, represent the horizontal stress at any section 
of the flange, and 6 be the angle of inclination of the llauge, then the 
inclined stress will be represented by the length ac, 

(10 

ie, the inclined stress = horijcontal sbresw x 

= horizontal stress x sec. 6 

The vertical component U of the inclined sbrosH is part of the 
vertical shear at the section resisted by the flautj:(!. I'hcs web in hucIx 
a case will only be called upon to resist the maximum verlu'ul Hlu^ar at 
the section minus the shear he resisted by the llange. l^he horizontal 



Fie. U8. Fio. U9, 


and inclined stresses in the flanges at sections 5 feet apart are tabulated 
in the following table, columns 4 and 5. Column 7 of the same table 
shows the vertical shearing force resisted by the inclined portion of the 
lower flange at such sections. 

The maximum vertical shearing force diagram, Fig. 149, has been 
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constructed by the method in Chapter IIL, and the veitica.1 shearing 
forces at the different sections are tabulated ia column 6 of the following 
table. 





Horizontal 

Inclined 

Maximum 

Vertical 

Vertical 

fiom end 

depth 

B.M. 

flange 

flange 

vertical 

bhear taken 

sheav^teken 

stiesB 

stress 

shear 

hy flange. 

by -web. 

ft. 

ft. 

in 

ft.-tons. 

tons. 

tons. 

tons. 

tons 

tons. 

0 

2 

0 

0 

0 

— 

30*56 



30 66 

6 

2 

9 

125 

45*6 

45*9 

27*54 

6*82 

20*72 

10 

3 

6 

241 

68-8 

69*5 

24*65 

10*32 

14*38 

16 

4 

8 

330 

77-6 

78*4 

21*67 

11*64 

9*93 

20 

5 

0 

393 

78*6 

| 79*4 

18*85 

18 85 

11*79 

7*06 

18*86 

25 

6 

0 

430 

86*0 

— 

15*96 

— 

15*96 

80 

5 

0 

441 

88 2 


13 06 

— 

13*06 


The two sets of figures given at the 20-feet section are for the 
stresses immediately to the left and right of the section. 

A diagram of the stresses in the flanges may now be drawn from 
the data given in columns 4 and 5. 

Fig. 150 is a diagram for both flanges ; the left-hand half represents 



the stresses in the upper flange, and the right-hand half the stresses in 
the lower flange. 

88*2 

At the centre the required flange area = “Y“ ~ inches. 

Suppose a width of 10 inches be selected for the flange, and 
4" X 4" X angles, and rivets be adopted. The net area of the 
horizontal tables of the angles == 2(4 - = 3-125 sq. inches. 
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Tlio net area of the flange plates must therefore s= IS'O 
= 9*475 sq. inches. 

The net width of plates = 10 — 2 x in. 

The total thickness of plates therefore — 

= “■«“= Mil i». 

8-125 


JM25 


This thickness may ho made up by usinK cither one in. and one 
I in. plate, or two | in. and one in. plate. For the upper flange the 
former sections will bo adopted, and for the lower the latter. The area 
of the flanges is slightly in excess of the theoretioal re(iuireinents, as the 
exact area cannot be obtained with practical sections. The plates 
should bo arranged in order of thickness, the thickest being placed next 
the angles, and the thinnest on the outside. 

The stresses in the different plates and angles are as follows 


2 angles 
I in. plate 


= :5T2r) X 7 
= 8-125 X K X 7 
= 8-125 Xj\X7 
=5 8-12.5 X fir X 7 
== 8-125 X I X 7 


= 21-875 tons. 

= 25-51 „ 

= 24-88 „ 

= 22-00 „ 

=:= 21-22 „ 


As the flange stress decreases towards the tnids of tlwj girdiT, a 
proportionate reduction of flange area could bo mad(}. It would, 
however, he impracticable to have a gmdual (*hange of section, or many 
small changes, and so the same sectional area is maintained until the 
stress has diminished to such an extent that the outermost jdatc may 
he discontinued. The positions where the changt‘H of H(^ct^(^n may lake 
place are readily obtained from the flange stress diagram, Fig. 1 50. 

Sot out aJf = tlie stress in the angles 

be = „ „ in. ])lato 

C(i — ,, ,, 1 II .» 


Through c and rfdraw horizontal lines cutting the curve at p and /. 

At the section I the total stress in the flange = (n\ which is to 
the resistance of the angles and the J in. plate. Between / and tlui end 
of the girder the in. plate is unnecessary, and may be discontmued. 
In practice the plate is continued for about one foot l)cyond the s<‘ction 
at I- At the section through ji? the J in. plate e-ould be stopped, but it 
would bo inadvisable as the lateral resistance of the girder would be 
seriously reduced. The lengths of the J in. plates on the lower flange ar(‘, 
found in a similar manner on the right-hand portion of Fig. 150. For 
parallel girders, where the effective depth is constant, the bonding moment 
diagram is also, to a different vertical scale, the flange str(‘HH diagram, 
and may be used for such to obtain the lengths of the flange plates. 

The lengths of the flange plates will be— 


top flange 
bottom flange 


In. tu ft. In. 

10 X § X 60 0 

10 X ^ X 47 fi 

10 X X 60 0 

10 X i X 51 S 

10 X § X 42 4 


(horizontal projection) 

>> lit 

» »» 


Plates exceeding 40 feet in length are charged extra per foot of 
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length over 40 feet, and it is more economical to employ cover plates 
when the length is much greater than the ordinary rolling limit,, in 
the present case the plates 60 feet and 51 feet 3 inches would be 
jomted, the extra on the other plates exceeding 40 feet in length not 
being equal to the cost of covers. Joints in the two flanges, or in the 
flange angles, should not be in the same vertical section. A convenient 
position for the joint in the | inch top flange plate 
would be about 5 feet on the left of the centre. 

The cover plates should have a strength equal to 
that of the jointed plate, and must be connected to 
the flange by rivets having an equal resistance to that 
of the cover. The section of the top flange is shown 
in Fig. 151, and it will be seen that the only available 
position for the covers is under the top tables of the 
angles. The width of covers will be inches, and, 
deducting the rivet area, the section = 2(3^ - if) X thickness. 

The maximum stress in the f inch flange plate = 35-54 tons. There- 

35-54 



p/ate 


Fig. 161. 


fore the thickness of covers = 


7x2(3i-if) 


g-, = 0-99 inch, or, say, 1 inch. 


The shearing resistance of a | inch rivet in single shear = 8 tons. 
The number of rivets required at each side of the joint will 


therefore = 


35*54 


= 12 . 


The bearing r^istance of the rivets in the plate = 12 x X f" x 8 
= 52*5 tons, or far above the requirements. 

The pitch of the rivets = 4 inches (calculated later). 

The length of the covers will therefore be 4 feet. 

Suppose the ^ inch plate in the bottom flange to be jointed 5 feet 
to the right of tlie centre. A ^ inch plate riveted to the under side of 
the flange will be equal to the strength of the plate jointed. 

The maximum stress in the plate = 24*88 tons 


The number of rivets in single shear required = 


24*88 


= 9. 


As the rivets are m pairs, ten rivets must be used at each side of 
the joint. The bearing resistance is again in excess of requirements. 
The length of the cover i)late to each side of the joint will be 20 inches. 
The same plate may be utilised as a cover for the joint m the | inch 


I 





Fig. 152. 


Fig. 153. 


plate, by making such joint 20 inches from the joint in the inch 
plate (Figs. 152 and 153), and continuing the cover plate the necessary 
additional length. 

Stress in the | inch plate = 21*32 tons. ^ 21*32 

Number of rivets required at each side of joint = = 8 for 

livets in single shear. ^ 
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Bearing resistance of rivets =» 8(J x ){) x 8 « 5Jl tons. 

This is slightly below the stress in the plate, but, as the bearing 
X 8 


pressure would only ho 


21 


= 8'12 tons iKT stjuaro inch on the 
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rivet, the small excess 
intensity may bo al- 
lowed. Tho additional 
lon^th of cover plate 
to tho right of tho joint 
will 1)0 1 0 inches. 


The joints in the flungo angles are covered by bent plates or 
wrappers as in Big. l.')4. 

The stress in each angle = 10‘9))7 tons. 

The thickness of tho covers = =* b’JJ.'i m. 

I inch bent plates wtmld be usal. 

Number of rivets in single shear required = * ■! 


bearing 


I X S X H 


The joints and arrangement of rivets are shown in Big. l.')l,and 
the positions of the joints on the girders are shown on Big. If)?, in tho 
elevation. , 

Wei Plate . — The maximum vortical shear on tho web occurs at the 
ends of the girder, whore it is ©pial to .'50-56 tons. Tho section of the 
web will be = 24 in. x thickness of web. 

Since the allowable shearing stresis = 2,1 tons per square inch tho 
.'50-66 

net area of web required = = 1.3-6 square inches. The thickness 

18-5 

will therefore = ~ Tlir> 7W‘n,r(»Hfc 


24 


(>•50 inch- The noarcHt practical ma being 


in. such thickness would be adopted. Tlie required tlucjlcness of web 
ecreases Tory rapidly from tho end to u Hcction 20 feet from the end, 
owing to tho depth increasing whilst the shear dcm'cascH. At this 
section the required thickness would bo less than the minimum 
thickness specified. The shape of the web plate risiidcrs it (jouv(‘iuont 
to have tho wob joints at these sections, and the central 2() ro(?t ]>orbion 
of the web may be reduced to j{ in. thickness. To allow of tlus flange 
angles being kept straight ^ in. packings must be placed between thorn 
and the f in. web. 

If the covers and rivets at the web joints wore designed to resist 
the actual vertical shear at the joints, the thickness of covers and the 
number of rivets required would bo reduced to unpractical sissea. The 
covers, therefore, will be of tho minimum thickness, in. with a double 
row of rivets at either side of the joint. Packings ^ in. thick are 
reijuired under the inner halves of the covers owing to tho change of 
thickness of the web plate. 

Pitch of Rivets . — ^The horizontal shear per foot length of girder is 
S 

given by the expreBsion The minimum pitxsb will occur where the 
shear is the greatest, i.e, at the ends of the girders. The number of 
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rivets required through, the vertical tables of the augles per foot length, 
at the ends of the girder 

30*56 

Fx "fx" ^ bearing in web. 

A pitch of 3 in. is therefore necessary at the ends. As the pitch is 

inversely proportional to g-it would increase towards the middle of the 

span, being at 5 feet from the end equal to 4*7 in. and at the centre 
equal to 12 in. For practical reasons the pitch is kept constant through- 
out the length of the girder or has a practical minimum number of 
changes. In the present case it would be advisable to have a pitch of 
3 in. for a distance of 5 feet from either end, and the remaining portion 
pitched at 4 in. From Fig. 150 it will be seen that tlie rate of increase 
of stress in the inclined portions of the lower flange is, for all practical 
purposes, equal to the rate of increase of the horizontal stress, and 
therefore the pitch of the rivets in the inclined flange will be made the 
same as for the upper flange. 

Stiffeners, — 6" x 8" x f tees will bo used as stiffeners and spaced at 
intervals of 5 feet. Packings i in. thick will be placed between them 
and the web to save joggling the tees over the flange angles. 

Rail , — ^A 70 lbs. bridge rail riveted to the flange at 1 ft. 3 m. and 
1 ft. 4 in. pitches will be used for the crab to travel on. 

To check the Assumed Weight of Oirdor, 


No 

Description 

Section. 

Length. 

Totallengtli 

Weight 
pet It 

Weight. 



in. in 

ft 

in 

ft 

Ihs. 

lbs 

1 

Mange plate 

10 X 5 

60 

0 

GO 

21 25 

1,275 

1 


10 X ft 

47 

8 

47 67 

19 13 

912 

1 


10 X 7, 

60 

0 

GO 

14 88 

892 

1 


10 

61 

3 

51 25 

12-75 

653 

1 


10 Xj 

42 

4 

42 3 

12 76 

640 

2 

„ covers 

01 / l 

4 

0 

8 

119 

95 

1 

Flango angles 

lOXfg 

4 

8 

4 07 

14 88 

69 

2 

4 X 4 X i 

60 

0 

120 0 

12 75 

1,530 

2 


4 X 4 X i 

60 

3 

120 6 

12 76 

1,636 

4 

„ ,, covors 

„ packings 

8* X 3§ X (1 

3 

0 

12 

8-45 

102 

4 

4 X ijjj 

20 

0 

80 

1 13 

90 

1 

Web plato 

1} jt 

60 X I 

20 

0 

20 

76 5 

1,530 

2 

(GO to 24) > />, 

20 

0 

40 

80 33 

3,213 

4 

„ covors 

12 Xi 

4 

4 

17 8 

16 3 

266 

4 

,, packings 

6 X ^2 

4 

4 

17 8 

1-92 

33 

10 

„ stiilonors 

6x3x8 

4 

11 

49-17 

11-0 

585 

4 

>1 It 

n ft 

4 

2 

16-67 


183 

4 

>t ft 

ft ft 

3 

6 

13 07 


160 

4 


ft ft 

Qxh 

2 

8 

10-67 


117 

10 

„ „ packings 

4 

4 

43-33 

10-2 

442 

4 

ft ft 

3 

7 

14-33 

»i 

146 

4 


ft t) 

2 10 

11-33 

ft 

116 

4 

1 ff 79 

1 )) » ») 

>1 ft 

2 

1 

8-83 

ft 

85 


14:, 659 

Bivets, say 6 por cent. . . . 728 


Total woigbt .... 16,287 
= 6’83 tons. 
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The assumed weight was therefore 6’88 --(J'f) s= 0'88 ton too small ; 
but such a small difference in _ weight would not produce stresses 
warranting any change of the designed sections. 

JShid Girders or 6Vad/es.— The ends of the main girders arc Hupijortod 
on lateral girders, to which are fised the wheels for the longitudinal 
motion of the crane. The general aiTangcment of connections is shown 
in Fig. lf)7. The main girders are carried through to the web Cl) of 
the end girder, the web Ali being in three parts, each connected to the 
main girders by vortical angles. The maximum loading of_ the end 
girders will occur when the crab, fully loaded, is at tho end of its travel. 
It may be assumed that tho whole of tho weight of the crab and load is 
then carried by the adjacent end girder. The load from each main 
girder will bo half tho weight of one main girder, plus half tho weight 
of the crab plus half tho pressure due to the load lifted 

=: i(C’83 + 7 4- fib) = Sl’bl tons (say) 82 tons. 

Fig. 1 55 is a diagram of loading, bending moments, and shear forces. 
The weakest section of the end girder will be where the llauge plates 
stop, 18 in. from the centre lino of the main girders. 


32 4 ms 32A/r3 
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1 

1 



i 
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1 
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4 
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5 F Diagram 

4 



Pia. X 65 . 


1 




I 

V 


J-’in m. 
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Bending moment at that section = 32(2' - T (!") = 40 ft.-tonK. 
Suppose the section, Fig. 15(1, be oasuiued for tho end girder. Tho 
modulus of section = 182’3 inelios’. 

40 X 12 

The maximum stress = = ti'(i tons per scpiare inch. 

This is considerably less than the allowable stress, but the sections 
being the minimum no reduction can be made. 

The maximum shear intensity will occur at tho section through the 
wheel axles. Tho shear on each web = 1 (i tons. The average shear 
1 () 

intensity = ^ 2 ^ 5 ^ ^ sciuare inch, 4-7.5 in. 

being the diameter of the axle hole. 

A f in. stiffening plate is riveted to the web, to which the wheel 
bearings are attached. 

Oomectiom^-^The load from the main girders will be equally 
divided between the two webs of the end girders. The rivets at ^ will 
be subject to a vertical shear of 16 tons. 
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number of rivets recjuircd 

in double shear = = t 

in bearing = ^ V’ ^ u = («iy) 

The rivets Y (Pi^s. 1 57 and 1 58) will be subject to a horimtal 
shearing force, due to the bending moment to be resisted by the con- 



nection, in addition to the vertical shear. The rivets at Z will bo put 
into shear by the bending action, and the couple formed by Uu‘, shear- 
ing resistance of these rivets at the upper and lower liauges of the end 
girder will act in opposition to the bending moment. 

Resistance of rivets at Z to shear = ‘I x - 1 2 tons. 

Moment of resistance = 12 x 2()’25 = 815 in.-tons. 

The bending moment at the connection = !(> x 88" = 528 in.-tons. 

The bending moment to be resisted by the rivets at Y' 

= 528 -815 = 218 in.-tons. 


Let / = the horizontal shear stress per sep in. on the outsulc rivet, 
a = sectional area of the rivets. 

Then the moment of resistance of the whole system of rivets 


= + 2/i“ + l/f + etc.). (Bcu Chap. IV.) 

= ^ ^ X 2{(i)‘ + S’* + (li)“ + O’* + (7i)“ + KH 

« 53-7/. 

. f 213 „ , 

• . /. = = 3-96 tons per 


Total horizontal shearing force on the outside rivets 
= 8‘96 X 1’2 = 4’75 tons. 

Each rivet will be subject to a vertical shearing stress of ^ = 1‘23 
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tons, due to the vertical shearing force on the section. The actual 
shearing force will be the resultant of the horizontal and vertical forces 


« V4-75" + 1-28" = 4-9 tons. 


The resistance of one fin. rivet in double shear = 5-95 tons. There- 
fore the shearing resistance of the system is sufiScient to transmit the 
bending moment. 

The force of 4*9 tons on the outside rivet would produce a bearing 

stress of ^ ^ = 14*9 tons per square inch, which far exceeds the 

safe bearing pressure. The bearing area may be increased by riveting 
an extra f" plate to the web. The bearing pressure would then be 
reduced to 7*45 tons per square inch. 

The horizontal intensity of shear stress on rivet (6) 

7*5 

= X 3-96 = 2-97 tons per square inch 


Horizontal shear on (G) 

= 2‘97 X 1’2 = 8-56 tons. 

Besultant shear on (6) 

= /3*562 + 1*2B® = 3*77 tons. 

Bearing stress on the web without the bearing plate 

= == 11*49 tons per square inch 

8^8 

Bearing stress on the web and the bearing plate = 5*75 tons per 
square inch. 

The bearing stresses for the remaining rivets on the web and bear- 
ing plate will be found to be— 


Rivet (5) = 4*72 


>1 



jj 

i) 


( 2 ) = 2-1 
(1) = 1-87 


tons per square inch. 
>? 

»5 

JJ 99 91 

99 99 99 


If be the bearing stress of any rivet on the web and bearing 
plate, the stress transmitted to the bearing plate = f " x X Pb'* The 
bearing plate must be riveted to the web by a system of rivets whose 
resistance is equal to the pressure transmitted to the bearing plate. 

Total pressure transmitted to the bearing plate 


= I X I X {2(7*45 + 5*75 + 4*72 + 3*29 + 2*6 + 2*1) + 1*87} 
= 17*3 tons. 


Bearing resistance of one rivet 

==|XiX8 = 2 62 tons. 
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Tho number of rivets required 

- * 7 

“ 2'G2 

Tbe lower half of the group of rivets at Y will bo in tension due 
to the bending moment of 218 in.-tons. 

The moment of resistunec of the system 

()•(! X 2 X 

t»ons i>or square uielu 

The Hiaximiim tension in the rivets is therefore well below the 
working stress, 

Exampi.e 81.— Design of Plate Girder Railway Bridge.— Span 
80 feet. The bridge to (;arry a double trat'k of rails, btillasb, and plate 
jBooring carried by longitudinal rail bearers and (Jross-girdors Hup])orte(l 
by two main girders, Figs. 100 and lOOA. The niaxinunn live load to 
consist of locomotives covering tins span, the lun^vicst axle load being 
30 tons, and the driving axles H feet apart. Working stresses to l)e 
fixed by the Range Formula, Table 21, Chapter II. 

Longiludinal Rail limrm or Rtringm , — Assuiue the cross-girders 
to bo spaced at 8-fcet intervals. Then the maximum Hiri'SH m the 
flanges of the rail bearers will occur when the 10-toii axle load is at 
the centre of the span of 8 feet. 

Load on each wheel = 0*5 ions. 

B-M. at centre = = 10 foot-tons. 

The distributed load on each stringer duo to track, ballast, flooring, 
and own weight, amounts to nearly 2*5 tons (sec^ below), and the 
additional B.M. duo to this load 

_ 2-r) X ft _ g.r, foot-toUH. 

H 

Total B.M. = 1!) + 2-r) = 21-r) fooUoim. 

It should be noted this is an outside cstimaUi of tlui bending 
moment, since the concentrated whet‘1 load is to some extent distributed 
over the stringer through the agency of the rail, slcsepers, and ballast. 
The extent of this distribution cannot however be accurately caltuilaicd, 
as it depends on the relative stiffness of the rail and stringer, positions 
of adjacent axle loads, and other factors. 

Assume the depth of stringer as 1 ft. C in. 

Total flange stress = = 14*88 tons. 

2'r> 

Flange stress due to dead load =r; j = 1-07 tons. 

i t> 

Percentage of dead load stress x 100 = 11-C 
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The working stress from Table 24 for 11-G per cent, of dead load stress 
= 5 tons per square inch. The flange area required =:^^= 2 -87 sq. in. 
Using 4" >< 3§" X y angles and f in. rivets, 

Area of horizontal tables of angles = (8-2xit)Xj = 3-06 sq. in. 

From Table 24, the coefficient for estimating the dead load 
equivalent to 89 per cent, of moving load is 1-9. 

Hence, equivalent maximum shear when the axle load is entering 
or leaving the span = (9-5 x 1-9) + 1-25 = 19-3 tons. 

Adopting a web plate J in. thick, the average shear stress on the 

web = = 2-15 tons per square inch. 

A somewhat thinner web would be strong enough, but it is desirable 
to make the webs of stringers and cross-girders of about equal thick- 
ness, in order to ensure the same length of life against corrosion. 


Weight of one stringer. 

2 Flange angles 4" x 3J" x i" X 8' 0" 
2 „ „ 4"x3i"x|"xl3'0" 

1 Web plate 18" x 3" X 8' 0" 

2 Tee stiffeners 5" x 8" x f" X 1' 6" 

2 „ packings 5" X X 10" 


= 190 lbs. 
= 310 „ 
= 245 „ 
= 29 „ 
= 15 „ 


Rivets, say 3 per cent. 



tf 


Total =813 


Gross-Girders , — The span of the cross-girders equals 27 feet ; the 
distance between the centres of main girders. 

Dead load on each cross-girder — 

Weight of ballast @ ^ ton per foot run. . . . 8,960 lbs. 

„ rails = 4 X § @ 8G lbs. per yard . . 917 „ 

„ sleepers = G @ 125 lbs. each . . . 750 „ 

„ chairs, etc., 12 @ 50 lbs. each . . . 600 ,, 

Weight of permanent way . 11,227 „ 

,, asphalte, 24^ X 8^ X l 2 ^^ 3,600 ,, 

„ floor plating = 24' x 8' x y/ • • - S,3G0 „ 

„ fender plates, say 300 „ 

Assume weight of cross-girder = 2^ tons . . . 5,040 „ 

Total distributed load on cross-girder .... 23,527 „ 


= (say) 10*5 tons. 


A portion of the above weight is actually applied by the stringers 
as concentrated load at the junctions with the cross-girders, but the 
error due to considering it as distributed load is very small, since the 
live load is relatively large. 

The weight of the stringers imposes four concentrated dead loads 
= 813 lbs. each. 

p 
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Live load on cross-girders — 

Four concentrated loads of 9‘6 tons each. 

The loading on the cross-girdcr is indiciiUid in Fig. 169. 



i'la. 169. 


Bending moment at centre duo to— 

lO’*) ’’^7 

Distributed dead load = ~ =* JJh'M ft.-tonH. 

Concentrated dead loads =s ~ ft.-tonB. 

Concentrated live loads = !)•.'> x 2 x ~ I.ia ft.-ton8. 

Stress in flanges, iissuming an cllectivc depth of a ft. 0 in., due to— 


Dead loud = = 10-6 tons. 

2’.’) 

Live load = ’f’f = (iO-8 tons. 

2'i> 

1 (>*5 

Percentage of dead load stress =■ ^ I*"* - -I’** pe*" <Jont. 

Working stress from Table S?4 = .O-S tons per wjuare moli 
The area of flAnge required = - IICIO R(| in. 


Assume a flange width of 1 1", -I" x 1" X .i" angles and I" riv<‘t.s. 

Area of horizontal tables of angles = fH - a x ;t 0(» s(( in. 

Thickness of plates = - '> 

Say two plates, i" and thick for the lower ilange. For the uiiper 
flange, one plate ir»" x i" and one !)" X will he used, leaving a 
margin on each side to which to rivet the floor plates. 

The coefficient to obtain the oiiuivaleut of the live load in terms of 
the dead load is, from Table 2-1, = J •(!?. 

The maximum shear is therefore — 

from live load = 19 x 1*07 = :U-79 tons, 
from distributed load = f)-2r) 

from concentrated dead loads = - 

Total shear at ends = 37*70 „ 
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Assuming the thickness of web to be J", the average intensity of 
37*70 

shear stress in the web = ^ ^ ^ = 2-51 tons per square inch. 

Designing the web as a fixed-ended strut of length equal to the 
distance between the lines of rivets through the flange angles, measured 
along a line inclined at 45° — 

length of strut = (30 — 4i)v'2 = 36'06 in. 
least radius of gyration = 

I _ 36-06 _ 

2'/l2 

Safe intensity for this ratio, taken from the curve of safe loads on fixed- 
ended struts (Pig. 109), is 5000 lbs., or 2-28 tons per square inch. 
Hence J inch thickness for the web is insufficient. 

The average intensity of shear stress on a inch plate = 2-24 tons 
per square inch. The safe intensity = 2-67 tons per square inch. 
A Y 5 inch plate will therefore be adopted. 

Main Girders . — The dead and hve loads may be assumed as uniformly 
distributed on the main girders. 

Dead weight per 8-foot length — 


Permanent way 

Asphalte 

Floor plating . . . 

Fender plates 

4 stringers 

1 cross-girder (from calculated weight as designed) . 

11,227 lbs. 
3,600 „ 
8,860 „ 
800 „ 
3,252 „ 
5,000 „ 


26,739 „ 

Weight per foot run . . 

3,342 

Dead load per foot run per girder 

1,671 „ 


0 75 ton. 


The equivalent distributed live load for a span of 80 feet is here 
taken at 2 tons per foot run. 

The estimated dead weight of each girder 

_ WL (0-75 -I- 2)80 X 80 
510 ~ 510 

= 34-5 tons. 

Bending moment at centre due to 

o 

= 945 ft.-tons. 

= 1600 ft.-tons. 
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Assuming tie effective depth of the girder a 8^ ft. 
The flange stresses due to 

dead load = ^ *'* *= 11 r2 tons. 

live Ioa<l = = 1 88” 2 tons. 

8'f) 


1 1 I *52 

Percentage dead load stress = j j j ^ X 1 00 = 37- 1 per cent. 
Working stress from Tulle 21 = 7 tons per wumro iiudi. 

Flange area rc(juircd = “ - =■ •12-77 Wj. inch. 


Assume a breadth of flange of 2-1", C" x (>" x i" angles, and J" rivets. 
Area of horizontal tables of angles = (12-1 X'JJiJi = -MSf) sq. in. 
Thickness of plates required in tension flange 


•12-77 - 
21 


-12r) 


•1 X w 

* A 


= l*Kl in. 


Say tlirce ^ in. platen and one -J in. plain, or three § in. plates. For 
the compression flan^^c the rivet holes need not be deducted. 


Area of horizontal tables of anjjl(‘s = 12 x J - (i wp in. 

- (I 
21 ■ 


Thickness of plates = — ^ 


= 1*551 in. 


One § in. and two .J in. plates may be used. 

Thickness of Wei , — Assume a web joint at (‘ucdi 8 feet H(iotion along 
the girder, with double angle and plate stifreners at the joints and 
intermediate tee Btiffeiicrs. The horizontal length of unsiipiiorteil web 
will be 2 feet. 

The length of the web column = 24" x in. 

The shear at the ends of the girders 


due to dead load = 0-75 x 40 + 17-25 = 47*25 ions. 
„ live load = 2 x 1*11 x 40 = 1 15*2 


Total = 1()2-15 

Assume a ^ in. web plate. 

Average intensity of shear in web 


102*45 
102 X 


= 2*851 tons per square inch. 


Least radius of gyration of plate 


I 

r 


-;L= 0*102 

Vl2 


JU 

o*i(;2 


= 210 


Safe stress for this ratio from Kg. 109 = 0400 lbs, = 2-85 tons per 
square inch. 
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In a ffirdor of this size the wob thiokncas misht bo r(«luct>d towards 
the miadle of the span with an ajiprcciablo savinfi^ in winVlifc, 

P'/M A^rghn , — Maximiun shear {Kir ^ot of depth 

of web = —j: ' ■ =19-1 tons. Number of rivets required per foot run 

of angles, at 8 tons per rivet in double shear = ■ A JUn, 

angle pitch or fi in. double pitch is suitable, the Inter being udonted 
The bowing stress on the web plate, with this pitch, is i)-7 tons tier 
sq^re inch. A !> in. double pikih would reduce the benring stress to 
8 tons per square incli. ^ 

1 
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TO. 160 a. 

Fig. ”■ 

Shear at J-J = ^ X 1G2'45 = UC-2 tons. 
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Number of rivets in double sboar re(iuire<l on each side of joint 

= ;J0. 

f) 

Boarin^^ rosirtfcatioo of one I inch rivet in •/;, inch plak?, at 8 tons per 
square inek 

= H X X H tons. 

Numkcr of rivets ro(iuirc(l to limit bearin#^ on web to 8 tons per 
square inch 

- ^ - 'W 


Pitching the rivets in the web covers ai. 4J in. providcH JIO on each 
side of the joint Web cover plates M" x tV' may b<j uhimL 

The lengths of fiinge plates will be readily deduet‘tl by llie method 
of tlio previous example. 

The detailed arrangement is shown in Figs. BJO and 1(»oa. Fig. 
100 is a half cross section of the bridge and part longitudinal section 
showing the connection of stringers to cross-girders. Fig. lOOA shows 
the detail at end of girder. The over-all Itmgth is Hii hjot (> in. and 
pin bearings are placed 80 feet apart for (tarrying tlnj slructnnt. An 
expansion roller bearing similar to that in Fig. iiUJ would lie omploye(l 
under one end. The fji.ee of the abutment lietwism tlu^ main girders is 
built up close to the end cross-girdcT at A-A, and tins ballast (tarried 
over the gaj) by a short length of floor plate P, The fimder plates are 
omitted in Fig. 1()()a. 

Where the end cross-girder cannot he placed (dose to tluj end of 
the mam girders, additional rail bearers carry the floor and track 
between the end cross-girder and the abutment, their outer (*nds resting 
on bed stones built into the abutment. 

Fig. 161 shows the cross section and part longitudinal S(u;tion of 
a plate girder footbridge for a span of 8-1 feet. Thc^ dtudeing is 
composed of rolled steel joist cross beams at 6 feet (umtres resting on 
the lower flanges of the girders and cleated to the girder webs. I^itcli- 
pine timbers 4 inches thick are bolted to the top flangc^s of th(^ joisl^s 
and support a l.i-inch layer of aspbalbo. Plated overhi'iid hracdiig at 
21 feet centres and diagonal angle bracing under the decking stiffeii 
the bridge laterally. 
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LATTICE GIRDERS, 

Types of Lattice Girders. — Girders having open-wort webs consist- 
ing of ties and struts are classed generally as lattice girders, in contra- 
distinction to plate girders with continuous webs. They are 
constructed in various forms and often referred to by distinctive 
names, according to the arrangement of the lattice bars and uniformity 
or variation of depth. Fig. 162 shows the more usual types employed. 


\ 9 



Fig. 162 . 


No. 1 is the Linville or N-girder, called in America, the Pratt truss. 
The vertical members are struts and the diagonal ones ties. No. 2, the 
Howe truss, has the diagonals reversed, so that they become struts, 
whilst the verticals are in tension. The Howe truss is seldom con- 
structed entirely in steel but is more suitable for composite girders 
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having the sloping struts and upper boom of timber and tho vertical 
ties and lower boom of stool’^ Tho N-trnss is pn^ferable, sinoo the 
shorter members are in comprcsHion. No. « i« thodoubh'N, also known 
as tho Whipple truss, formed by inserting addijbionul verticals and 
diagonals midway between those of No. 1. Tho advantages resulting 
from this arrangement are tho reduced It^ngth of the soginents of the 
upper ioom or olwrdy thereby reducing the toudem^y to buckling and 
enabling it to be made of lighter section ; lighter comprcsHivo stresses 
in the vertical struts and shorter spacing of iloor beams or cross-girdcrs, 
thereby requiring shorter, and conscciuently lighter, longitudinal 
girders or bearers beneath the road or rtvilway. 'ryjies 1 and are 
frequently built with sloping cuds, as indunitod by the dotted lines. 
Nos. 4 and 5 are respectively singly and doubly braced hog-bnekod 
lattice girders, often reforrod to as lattice- bow girdi^m. Generally 
speaking, they are used for larger spins than the jiarallcl girdon* with 
resulting economy in weight of material, primupally due to tho shorter 
length of tho vortio.il struts near the ends of tho girder wdiore the 
compressive stresses are greatest, ^rho curved upp(*r boom also relieves 
the verticals of a proportion of tho compressive strt^HH, by resisting part 
of the shear, whilst in the parallel tyi>e8 of girder, the h(»ri»ontal upper 
boom resists the direct stress only and takes pra(;tioully no part in 
resisting the vertical shear. Nos. (\ and 7 are two forms of tho 
Baltimore truss, an almost exclusively American type. 'Tlie normal 
outline is that of an N-girdcr, with additional members V, V, known us 
sub-veriicaU, inserted midway along tho main panels. 'FIu^ho hitvo as 
suspenders for intermediate iloor or eroHS-beanw and so m'bievo tho 
same result as the double system of bracing in No. ib Thtj stresses in 
tho sub-verticals may bo trauaferred bo the mam panel points eitluT by 
ties T, T, as in No (J, or by struts K, H, as in No, 7. No. 8, known as 
the Pennsylvania truss, is also of American origin and aims at combin- 
ing tho advantages of tho Baltimore and doublo-N tnisscss by employing 
sub-verticals V, V, together with that of the latticu^-bow typ (5 by 
possessing a greater depth at tho centre than near the ends. In large 
span trusses, additional members shown by dotted lines an^ fretiueutly 
added for the purpose of stiffening tho main stnits H, IS, m^ar the centre of 
their length. These dotted members, however, have no part in resist- 
ing the primary stresses in tho truss. 

Nos. 0 and 10 are resi)ectively tho single and doulihi Warren girders, 
both ties and struts being in(5lined, usually at angh‘s varying between 
60° and 45° with tho horizontal. Vertical members as shown by the 
dotted lines are occasionally inserted in No. 0 for the support of 
intermediate loads or for stiffening tho segments of the uppiT boom. 
No. 11, known as bhe_ multiple lattice type, although formerly largely 
employed for main girders of long spun, is now almost oonjSncd to 
parapet girders and main girders of foot-bridges. It possesses several 
systems of bracing, the bars of which are riveted to each other at the 
intersection points, tho intention being to increase the rigidity. The 
effect, however, is to render it impossible to estimate at all accurately 
the stresses in the various syatema. When constructed with flat bars 
only at close spacing, vertical stiffeners S, S, of T or channel section 

^ M%ns, Proceedmga Jnat. 0. J0., yol. oxxyiii, p, 222, Plate 5. 
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are necessary, and the girder approximates closely in character to a 
plate girder, hut involves more workmanship (see Fig. 198). Nos. 12 
and 13 are respectively upright and inverted bowstring girders. In 
girders of this type, the stress in the booms is nearly uniform through- 
out, whilst the stresses m the web bracing is also much more uniform 
than is the case in parallel girders. The web members may therefore be 
made of equal section with very little sacrifice of economy. Bowstring 
girders are usually built with crossed diagonals in every panel, in 
which case the diagonals are designed for resisting tension only. If 
built with a single diagonal in each panel, the diagonals must be capable 
of resisting both tension and compression if the girder be required to 
carry a travelling load. No. 14 is a modification of the bowstring 
girder known as the Pauli or lenticular truss. Relatively few important 
spans have been bridged on thus principle. It possesses the same 
general advantages as the bowstring type. 

The essential points of difference between lattice and plate girders 
are as follow. In the lattice girder, the various members are arranged 
so that each is subject to stress only in the direction of its length, and 
the arrangement of the joints should be such that the members are 
further subject to direct tension or compression only. The direct 
bending stress, which in a plate girder is resisted mainly by the flanges, 
acts as direct compression or tension in the booms or chords of a lattice 
girder. The compression flange of a plate girder being attached to the 
web at. short intervals of a few inches only, as determined by the rivet 
pitch, is less liable to buckle than the segments of the compression 
boom of a lattice girder, which are unsupported for the whole panel 
width. The stresses set up by the shearing force in a plate web are 
transferred to the flanges along innumerable lines in the web, whereas 
in a lattice girder these stresses are localized and constrained to act as 
direct tensile or compressive forces along a few well-defined lines, 
represented by the axes of the ties and struts. The load may be 
applied to a plate girder at any number of points along its length, but 
in a lattice girder it should only be applied as a number of concentrated 
loads at the panel points or intersections of the bracing bars with the 
booms. Any application of load hetiveen the panel points causes local 
bending of the boom segments, which must be of correspondingly 
stronger section to resist such bending m addition to the direct 
compression coming upon them. Carved members are economically 
inadmissible in lattice structures, since the direct stress acting through 
their ends sets up more or less bending moment on the central section, 
the amount depending on the sharpness of the curve given to the 
member. The upper booms of hog-backed lattice girders are often 
curved in outline to avoid the more complex joints and plate profiles 
which result from a polygonal outline. The curvature in such cases is, 
however, small, and the increment of stress due to bending correspond- 
ingly small also, whilst the girder has a neater appearance than if of 
polygonal outline. The common practice of introducing curved members 
in lattice structures, especially in roof trusses, presumably for aesthetic 
reasons, is, however, bad construction, and cannot be too strongly 
condemned. 

Spans of Lattice (lirdeis.— ‘Considerable divergence is met with as 
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regards the length of span for which any partioular type of truss Is 
most suitable. Plato girders arc rarely used beyond UK) ft, span, and 
about 80 ft. may bo said to be thoir praoti(^al economic limit The 
various types of parallel lattice girders witli single system of bracing 
arc generally employed for spans of froiu 80 to 1 50 ft, although in 
roof construction, light Warrtm and N-girilers of from 20 to 50 ft. 
span are in very general use. Parallel and lattice bow girders with 
double systems of bracing are necessary for larger spans from about 
150 to 8*50 ft. and upwards. Larger spans are the Ivuilonberg bridge 
over the river fjck in Holland of *102 ft span, the Ohio river bridge of 
511) ft, span, the Covington and Cincinnati bridge over the Ohio river 
having onc^ span of 550 ft. and two of *11)0 ft., and the Ohio river 
bridge at Metropolis, of 720 ft^ Bowstring girders have been widely 
employed for spans of from 80 to 800 ft, whilst the lenticular trusses 
of the Saltash bridge have a sjian of 455 ft. 

Stresses in Braced Girders. —Kor the purjiose of <soinpiiting the 
stresses in braced girders, they may conveniently Ik‘. dividinl into two 
classes— parallel girders, and girders of varying depth. The stresses 
in any parallel braced girder may be rcuulily written down from a 
consideration of the shearing force for the loading and span in (luostion. 
Thus, in Fig. 108, let AK represent an N-girder of eight puneds carry- 


1^ 

7 

^ 

V 

1 

( 

1 

1 

(A 1 

1 i 


‘ 1 1 

» 

1 

1 

1 

» 

) k ' t -/6 f 

1 j 

HS G i-tP -y/ k 


-5 


\ 7 

d \7 f 

/ 7 7 

-J -5 -7 

/ h/ k 

^ 2 2 2 2 -/5 2 ‘/2 2 -7 2 0 ^ 


Pia. 1C3. 


iiig a load of 2 tons at each lower joint Tlic reaction at oacdi snpixirt 
is 7 tons, and the upper figure shows the f-hcaring force diagram for the 
span. The shearing force is constant, and e<|ual to 7 tons from A to B. 
It then falls to 5 tons across the panel BC, 8 tons ac.roHH Cl), and I ton 
across panel UE. Since the function of the brainng bars is to resist 
the shearing force, these shears of 7,5, 8, and 1 tons will he the vertical 
components of the stress in the four diagonal tiies from A to the centre 
of the span. Q'^hese figures may be at once written down in a vertical 
position across the ties in question, the minus sign indicating teiiHion, 
since the effect of the shearing force is to cause tensile stress in the 
diagonals which slope downwards from the ends towards the centre of 
the span. If the ties be assumed to slope at 45”, the horiy.ontal com- 
ponent of the stress in each tie will be equal to the vertical component, 
and on the right-hand half of the girder tlie corresponding horizontal 
stress in each tie may be written down, taking care to write the figures 
horizontally. From these the stresses in the segments of the upper 

1 Completed 1917. At present the longest simple tcuss span in the world. 



LATTICE CIRDERS 


221 


and lower booms are readily obtained by summation. Thus, the com- 
pression in KH = 7 tons, caused by the horizontal tension or pull in 
the diagonal 'K.h* HQ- receives a thrust of 7 tons directly from KH, 
and an additional compression of 5 tons from the tie or a total 
compression of 12 tons. Similarly, GF receives the thrust of 12 tons 
from HG, rius 3 tons from the tie G/, giving a total compression of 
15 tons.^ Finally, the compression in FE = 15 + 1 = IG tons. The 
loading in this case being symmetrical, the stresses on the left-hand 
side of the centre will be similar to those on the right. 

In the lower boom the stress in hh is nothing, since the vertical TSJo 
has no horizontal component, gh resists the horizontal pull of 7 tons 
exerted by KA. fg resists the combined horizontal tensions in and 

= 5 + 7 == 12 tons, and ^resists the horizontal tensions in /G and 
The compression in vertical is 1 ton caused by the downward pull 
of 1 ton in the tie De. In C^j the compression is 3 tons due to the 
tension in tie Gd, Similarly, the compressions in B& and Aa are 5 and 
7 tons respectively. Finally, the direct or actual stresses acting along 
the sloping direction of the ties is equal to the horizontal tension 
X ratio of slope to horizontal length of the tie, which for an inclination 
of 45° = V2. Thus, the real or direct tensions in the ties are — 

eF = A/2,yG = 3 = 5^2, and hK = 7^/2 tons. 

Generally, it is unnecessary to draw the shear force diagram, since 
the shearing force in each panel la readily estimated by successively 
subtracting the panel loads from the reaction at either end of the 
girder. In the subsequent examples the shear diagram is therefore 
omitted. 

If the above girder be inverted, it becomes a Howe truss. The 
diagonals are then in compression, and the verticals in tension. 
Assuming the same loads, the stresses are as follow (Fig. 1G4). The 
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loading being the same, the shearing force in each panel is as before, 
but the sign of the stresses in the diagonals is changed to plus to 
denote compression. Inserting the corresponding horizontal stresses 
in the diagonals on the right-hand side, and summing up the boom 
stresses as before, it will be seen that the lower boom stresses are equal 
in amount to those of the upper boom m the previous example, whilst 
those in the upper boom equal those in the lower boom in the previous 
case. The stresses in corresponding vertical members are a little higher 
than before, but the end verticals, shown dotted, may be omitted, since 
the final shear of 7 tons is transmitted directly to the abutment through 
the inclined end strut AB, Fig. 164. The middle vertical here acts as 
a suspender for the central load of 2 tons, and is in tension to that 
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amouat. The strosfles in the dia^^onalH are the flame m before, but 
being compressive instead of tensile, and the diagonals being the longer 
members, their sectional area, and consequently their weight, will be 
appreciably greater than that of the vortical struts in the N-truss under 
similar conditions of span and load. It is princiiMiUy this feature 
which places the Howe truss at a disadvantage tis regards economy of 
material- 

stresses in an N-truss of Seven Panels carrying a Load of 6 tons 
at each Lower Joint. Tm krlined -irr. — In Fig. ID 5 the total load is 


A C E 0 ^5^ H L ’h30 
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8G tons, which, being symmetrically disposed, gives a reaction or shearing 
force of 18 tons at each end of the span. The compression in the end 
vertical is therefore 18 tons. This member prcHsing upwards causes a 
vertical tension of 18 tons in the iirst diagonal At B the diagonal 
AB exerts an uplift of 18 tons on the lower end of strut BO, but the 
load of G tons at B is pulling in the opposite direction, and so reduces 
the compression in BO to 18 —G = 12 tons. Tliis upward pressure of 
12 tons in BO stretches the second diagonal 01) with a vertical tension 
of 12 tons. CD then exerts an uplift of 12 tons on the lower end of 
strut DE, which is again reduced by the D tons load at I), gnving a net 
compression of 12— G — D tons in DE, This compression in I)K 
causes a vertical tension of D tons in tie EF, which just balances the 
load of G tons at P. There is therefore no stress in FO, as might be 


expected, since there is no diagonal member attached at G to carry the 
stress forward. If the shear-force diagram be drawn for this case of 
loading, it will exhibit no shear iii the panel (HI, thereby in<li<;ating no 
stress in any diagonals which may be inserted in that. ])auel. In an 
actual girder as built, two diagonals, FII and (IK, would be oin})loyed, 
but these will suffer no stress under a syininetncal system of loads sikjIi 
as under consideration. If, however, one half, say the left-hand half 
of the girder, be more heavily loaded than the otlier, the teiulencjy of 
^ Q ^ will be to distort the 

[X [\ K \\/\ /\ Xi y\ girder, as shown in Fig. 1 (KJ, when 

lx IXJ the diagonal FH would be put 

^ F K into tension and UK into com- 


Fig. 166. prossion. Similarly, if the right- 

hand halt be the more heavily 
loaded, OK will be in tension and FJI in compression. The duty of 
these ^ central diagonals is therefore to make the girder capable of 
carrying an unsymmetrical system of loads, such as most usually occurs 
in practice. In Fig. 165 the horizontal stresses are written against the 
corresponding diagonals on the right-hand half of the girder, from 
which the boom stresses are readily obtained. *Tho stress of 8G tons 
in HL is transmitted directly through OH, there being no increment 
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applied by the diagonal EH. As before, the dimt stresses in the sloping 
bars are obtained by multiplying the horizontal stresses by or 1-414. 

Stresses in un !N4russ loaded with 16 tons at each Lower Joint 
and 2 tons at each Upper Joint. Diagonals inclined 50'' with 
Horizontal. — This example represents more closely the case of a 
practical girder having the flooring of a bridge attached to the lower 
joints, whilst a proportion of the dead weight of the girder with 
overhead bracing is applied directly at the upper joints. 

It shodd be noticed (Fig. 167) the loads on the two end lower 
joints are neglected, since they are applied immediately over the 
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supports and do not give rise to any stress in the members of the 
gircier. The total load is 130 tons, giving a vertical reaction or shear 
of 65 tons at each support. The compressive stress in the end strut is 
therefore 65 tons. Two tons of this is caused by the 2 tons load at A, 
leaving a net uplift of 63 tons as the vertical tension in tie AB. At 
B the tie AB exerts an upward vertical pull of 63 tons, which alone 
would cause a similar compression in strut BO. The downward acting 
load of 16 tons at B, however, reduces this to 63 —16 = 47 tons for 
the compressive stress in BO. Two tons of this is again due to the 
load at 0, leaving 45 tons vertical tension in CD. By successive sub- 
traction of the loads, the vertical stresses in the other members are 
obtained as indicated on the left-hand side of Fig. 167. The vertical 
BF here suffers a compression of 2 tons due to the load at E, which is 
transmitted from E to F, and thence as tension to the two ties HF and 
KF. At joint F, the downward acting forces are 2 + 16 = 18 tons, 
whilst the tie HF exerts an uplift of 1) tons, giving 
18 — 9 = 9 tons as the vertical tension in tie PK 
necessary to maintain equilibrium. The diagonals in 
this case being inclined at 50" with the horizontal, the 
horizontal stress in any diagonal will he less than the 
vertical stress. In Fig. 168 the diagonal Cl) is shown 
separately. The horizontal stress in OD will hear the 
same ratio to the vertical stress as the length BD 

ao. ^ the leugUt BO, or Iff. " 

50" = 0*84. horizontal stress = vertical stress X 0*84, and multiply- 
ing the vertical stresses already written down on the left-hand side of 
the girder by 0*84, the corresponding horizontal stresses are obtained 

as indicated on the right-hand half. The fraction = 0*84 may be 



Fig. 168. 


obtained directly from trigonometrical tables, it being — cotangent 50 , 
or by scaling off BD and BO from the elevation of the girder and 
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dividing the ono by tho other. From the horizontal skrcaseR in the 
diagonals, the sbresHos in top and bottom boomH are readily obtained by 
summation as before. The direct stresROS in the ticH are obtained from 
the vertical strcHses as follows. In Pig. 1(!H the ratio of direct stress 

(«>. acting along tho slope (ID) to vertical stress in diagonal 01) =» 

which for 50'’ = I -ib 


direct stress 
vertical stress 


1 or direct stress =s vertical stress x V:i 


Multiplying tho verticjal Hbresses in the diagonals by 1 % the direct 
stresses are GJJ x L’Ji = 45 x = 58-5, 27 X 1*8 =s 85*1, and 

9 X l*ii = 11*7 tons tension in AH, CD, LN, and IIP respectively. 

Stresses in N-girder TJnsymmetrically Loaded.-- Pig. loo repre- 
sents an N-girder of H panels with tics at 15". 'fhe upper and lower 
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joints carry loads as indicated. ^ Hnch a condition of loading would 
correspond with the case of a main bridge girder when the rolling lotid 
extends from the left-lnuid abutment up to and loading ])anel point P. 
The joints B, D, and P then c-arry both dead and live load, and the 
remaining lower joints dead load only, (joinposed of part weight of 
main girders, cross-girders, flooring, and permanent way. Tlie loads 
on the upper joints represent part weight of main girders and weight 
of over-head wind bracing. 

The reaction at left-hand end of span 

= f (half upper loads) + (J 4- + 5) X ‘10 + (i + 2 + 'i + J) X 12 

= 117*5 tons. Total load = 25 (top) + 1(>H (bottom) = 103 tons. 

Reaction at right-hand end = 193 - 1 17*5 - 75*5 Lons, 

Compression in left-hand vortical = 1 17*5 tons. Two tons of this 
is due to the load at A, /. verthial tension in AB = 1 15*5 tons. Sub- 
tracting 40 tons at B, compression in BO = 75*5 tons. Tension in 
OD := 75*5 -3 =; 72*5. Oompression in 1)K = 72*5 — 40 = 32*5. 
Tension in EF = 82*5 — 3 = 29*5. At P a load of 40 tons is earned, 
of wliich 29*5 tons is supported by tbc tie BP, leaving 40 —29*5 = 10*5 
tons tension in vertical P(^, which, for this position of the rolling load, 
acts as a tie instead of a strut. At (} the vertical PQ exerts a down- 
ward pull of 10*5 tons on the end of tie GK, which is augmented by 
the load of 3 tons atG, giving a vertical of 10*5 -f 8 = 13*5 

toiM in GH, which now acts as a strut instead of a tie, provided it be 
built of a suitable section to resist compression. Tho 3 tons load at K 
is transmitted to H, causing a compression of 8 tons in KH. At H 
the downward forces are the 3 tons thrust in KH, 18*5 tons in GH, 
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and the 12 tons load at H, all tending to produce tension in HL and 
totalling 28*5 tons. At L the 3 tons load and vertical tension of 28*5 
tons in HL both produce compression in LM = 31 '5 tons. Similarly, 
tension in MN = 31-5 + 12 = 43’5, compression in NO = 43-5 + 3 
= 46*5, tension in OP = 4G*5 + 12 = 58*5, compression in PQ = 58*5 
+ 3 61*5, tension in QR = 61*5 + 12 = 73*5, and lastly, compression 

in ES = 73*5 + 2 = 75*5 tons, which agrees with the previously 
determined reaction at 8 . 

With diagonals at 45°, the horizontal stresses in the diagonals are 
equal to the vertical stresses. In Fig. 170 these are written against 



Fig. 170. 


the corresponding bars, from which the top and bottom boom stresses, 
as indicated, are readily obtained. The direct stresses in the diagonals 
are equal to the horizontal stresses multiplied by a/ 2 , the ratio of 
inclined length of tie to horizontal breadth of panel. It will be 
noticed that the stress in diagonal GH is compressive. This is due to 
the rolling load being in the position which develops the maximum 
compression in GH, which compression is more than sufficient to 
neutralize the permanent tensile stress set up in GH by the dead load 
alone. The tie GH therefore undergoes a reversal of stress when the 
rolling load passes this position. A similar reversal would take place 
in the tie HL under the action of a rolling load advancing from the 
right. Usually, the diagonal ties consist of a pair of flat bars, Fig. 
193, which are incapable of resisting compression, and in such cases 
the panel GFHK would be counter-braced by inserting a second tie, 
FK, sloping in the opposite direction to GH. The stresses in the 

panel GFHK are then as shown in _3 j j 5 

Fig. 171. The main tie GH, being sTU TF" 

incapable of resisting any compression, 5 ^ '"2 5 

falls into a state of no stress and \ *•' n!" 

becomes relatively slack. The upper ^ ^ 

3 tons load at G is transmitted down Pxq. 171 . 

GF as compression, whilst at F, the 

downward forces being 43 tons, and upward pull of tie EF 29*5 tons, 
the difference, 13*5 tons, determines the vertical tension in the counter- 
tie FK. This, increased by the 3 tons at K, gives a compression of 
16*5 tons in KH, and adding the 12 tons at H, the vertical tension in 
HL = 1 G *5 + 12 = 28*5 tons, as previously obtained in Fig. 169. 
From L to the right-hand support the stresses are then the same as 
already determined in Fig. 170. For this position of the rolling load 
the stress in the other counter-tie KM is zero, it only coming into 
action when the rolling load extends from the right-hand, abutment up 
to and loading joint M. The girder may be built without counter-ties, 
provided the members GH and HL are constructed of a suitable 

Q 
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section for resisting both tension and coinproHsion, and this is occa- 
sionally done, albhongh greater economy in realissed by inserting counter- 
ties. It should be notit‘.od the tension in the counter-tie is the same in 
amowd as the oomi^roHsion whi(di would be produced in the main tie 
of the same panel if not countcr-lmiced. 

Stresses in N-truss with Double System of Bracing.— Hupposo the 
girder in Fig. 172 to he loaded w’ith 2 tons and 8 tons respectively at 



each upper and lower joint. The N-truss, with double system of 
bracing, may ho regarded as consisting of two seinirato girders, super- 
posed as indicated bjr the light and lit*avy linos in the lignre. (;on- 
sidering the heavily-lined system first, the total load is 40 tons on the 
lower joints + 14 tons on the upper joints, counting the two end loads 
of 2 tons as carried by this system. The load being symmetrically 
disposed the reaction at each end for this system alone is 27 tons. The 
vertical stresses are written down on the left-hand side in the same 
manner as those in Kig. 167, giving, for the bars taken in order from 
left to right, + 27, - 2r), + 17, - 15, -f 7, and - 5 tons, and for the 
central vertical + 2 tons. At the central lower joint the 8 tons load 
+ 2 tons compression from the central vertical make up 10 tons, which 
is resisted by the vertical tension of 5 tons in eac^.h of the two 
central ties. 

Considering the lightly-lined system, the total load is 48 tons on 
lower joints + 12 tons on upper joints = 60 tons, giving a rcuction at 
each end of 30 tons. An additional compression is set up in the end 
vertical, since this member is common to both systems, the total 
compression in the end vertical being, therefore, 27 -t- 80 = 57 tons, 
whi^ of course equals half the total load on the coniploto girder. 
The vertical stresses are written down as before, taking am not to 
deduct the end upper load of 2 tons, since this has already been 
allotted to the other system. These stresses arc, from left to riglit, 
-f- 30, — 30, -f 22, — 20, + 12, — 10, and + 2 tons. Assuming the 
diagonals to slope at 45®, the horizontal comj>oncnts of stress are equal 
to the vertical in all the ties excepting the two end ones, ^riiese have 
an inclination of one horizontal to two vertical, and therefore the 
horizontal stress for these two members equals half the vertical stress. 
The summation of the boom stresses is effected as in the previous 
examples, the end section of the upper boom receiving a compres- 
sion of 25 -4-15 = 40 tons, applied by the end ties of both systems, 
since both are attached at the upper end of the boom. The 
direct stresses in the 45® diagonals equal the horizontal stresses 
X V2. For the direct stress in the two end diagonals, proceed as 
follows— 
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inclined length of diagonal _ V5 
horizontal length of diagonal “ 1 * 

Hence the inclined or direct stress = horizontal stress x V 5 

= 15 X /^/S = 33-54 tons. 



segment EA of the upper boom resists the horizontal pull of 25 tons 
in EP. At A the segment AG- receives a pressure of 25 tons from EA, 
a horizontal pressure of 15 tons from BA, and resists the horizontal 
pull of 20 tons in the tie A8, making 60 tons compression in all. 
From B to F the lower boom resists the outward horizontal pressure 
of 15 tons in strut AB. F8 resists the combined pull of 15 tons and 
25 tons in FO and PE respectively. The remaining boom stresses are 
unaltered. The advantage of this arrangement is a simpler junction 
at B, where three members only, instead of four, have to be joined. 

Note. — In the N-girdcr as usually constructed, it will be noticed in 
Figs. 163, 1G5, 1G7, 170, and 172, that the end segment of the lower 
boom is not stressed under the action of vertical loads. This segment, 
however, is always stiffened in such a manner as to be capable of 
resisting compression as well as tension. It comes into action in cases 
where application of the brakes on a train is made during its passage 
over the bridge. The longitudinal racking tendency thus created 
compresses the end segment of the lower boom in advance of the tram, 
and puts into tension the end segment in rear of the train, the opposite 
effect resulting when a train passes in the reverse direction. Heavy 
end pressure, due to wind or the momentum only of the rolling load, 
also stresses these members. The amount of stress produced may be 
roughly calculated from the weight of rolling load and coefficient of 
friction, but it is not capable of exact determination. The end 
segments of the lower boom are, in practice, usually earned through of 
the same cross-section as obtains in the second panel, and in girders 
having lower booms of vertical plates only, these are braced together to 
form a lattice box strut. As this appears to he a satisfactory 
provision, the longitudinal stress is evidently not excessive. 

Stresses in Warren Girder with Symmetrical Load — Fig. 174 
represents a Warren girder with single system of bracing, carrying 
10 tons at each lower, and 2 tons at each upper joint. The total load 
is 62 tons, giving a reaction of 31 tons at each end. The vertical 
stresses are written against the weh members on the left-hand half^ of 
the girder, commencing with 31 tons m the end strut, and subtracting 
each load in order. The corresponding horizontal stresses on the 
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riglxt-liand aide arc obtuiuod as follows. In any iuoUncd bar AB 
Fig. 171a, ’ 
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Fill. 174. Fig. 174 a 

horizontal stniss _ 15(1 
vortical Btross’ AC1 

If tho bars be assumed inclined at CD” with the horizontid, 
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Dividing tho vertical strcssos l)y ,J 3, the horizoiihil stresses are obtained 
as indicated. The end scgnient K of the upper boom receives a 
!5 1 

horizontal thrust of tons from tho strut D and an additional 
20 

thrust of tons caused by the tie E puUbig from the oppoHito side 
of tho vertical V, making + ^’!j or ^ tons in all. Segment 
K receives tho direct thrust of tons from F + from (« + ^^ 


from H, or a total of tons. Similarly tlic oompressiou in 
^ from K + from L + from M = tons. 

In tho lower boom, tho outward horizontal thrust of 


VS 


V;5 


. fJl 

D produces a tension of in 0. Segment 1’ resists the direct pull 

tons in 0 + horizontal pull of K + outward thrust of 

10 70 

in G, or a total of tons. Similarly tho tciisiou in segment 

'*-7? + 73 +7* "vs*'’”- 

direct stresses in tho inclined bars are obtained by 
doiiblmg the horizontal stresses, since for an inclination of G0°, the 
inclined length AB = twice the horizontal length BU. Tho resulting 

direct or inclined stress in D therefore == X ^ = 35*8 tons ; in E, 




tons in 



LATTICE &IEDEES 


229 

83-5 tons ; in Q-, 21’9 tons ; in H, 19-6 tons ; in L, 8‘1 tons, and in 
M, 2-9 tons. 

Stresses in Wanen Girder •with. Unsymmetrical Load. — Fig. 175, 
A, represents a singly braced Warren girder ■with a greater intensity of 



M -M -m 

S •JS 
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load covering ilic left-hand portion of the span, up to and including the 
central lower joint. The reaction at X = ^ X 12 tons (on upper joints) 
+ 18(f + I + f) + C(f -f ^), being the proportions of the loads on 
the lower joints borne by X, and = 45 tons. Total load = 78 tons, 
/. reaction at Y = 78 - 45 = 33 tons. Commencing at X, the vertical 
stresses are written down against all the inclined bars from X to T, 
since in this case the stresses will not be symmetrical. The vertical 
stress m the last inclined strut at T must, of course, equal the reaction 
of 33 tons at Y, which affords a check on the calculation. The 
corresponding horizontal stresses are inserted in Pig. 175, B, from 
which the boom stresses arc readily obtained by summation. As before, 
the direct stresses in the inclined bars are obtained by doubling the 
horizontal stresses for an inclination of 00"". 

Stresses in Warren Girder with Double System of Bracing and 
Unsymmetrical Load. — Fig. 17G represents a double Warren girder 

g +/3 12 /^ +46 a e +3/ 6 Ht 3 

H 

Si 

+ 

A 

-// 2 ^4/ 2 -49 2 -4S 2 

Fia. 176 


Ni <0 »f) ^ !5 ^ 


'X* 'X* X ‘X' ‘X' ’X' ? 

-s -5 .5 -7 .5 -// HB 


with unequal loading on the upper joints, and uniform load on the 
lower joints, the lattice bars sloping at 45°. The girder possesses two 
distinct systems of bracing, AHKLM, etc., and ABODE, etc. Con- 
sidering first the system AUKLMNOP, the reaction at A due to the 
loads carried by this system = G (at H) + i(3 x 2) at K, M, and 0 
+ § X 12 (at L) 4- i X G (at N) = 19 tons. Hence reaction at G due 
to these Ibads = 33 — 19 = 14 tons. The vertical stresses in the 
diagonal bars of this system arc therefore as indicated. Considering 
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system ARODEEtl, miction at A = i(2 + 2) at 0 and K + !| X 12 
fab B) + A X « (at D) + 1 x C (at K) = 17 tons, and reactiou at G due 

in 1 7 s= 1 




\ PfiZ-h 
\_1£=_ 



/ 

A 

X 

\ 

/ 

zL 

x\ 



s 

\ 

SS 

'\ 

/ 

/' 

/ 


\ 


/ 


\ 

\ 

7 

/' 




io tlu‘HO loadrt = !ii) 17 s= 13 
iO!W. ''riic Vertical Htrmes 
for ihw fiyHUau arc + 1 7, — 

4* toiiH, ot<*. The inclinar 
tioii beiuji; the horizontal 
RtreHBCH t‘(iual the vertical 
HtreHses. Writing tlu‘«o down 
liorizontally on th<t renpectivo 
barK, the BtrcHBCfl in the hori- 
zontal booniH readily follow. 
1'ht‘ direct Hl.ri‘fi?4ert in the lattice 
bars anj ohtaiiuid by multiply- 
ing the horizontal Htreflfl(‘S l)y 
It will be noticed that 
the member LM, which under 
a Hyminetrioal load would he 
in touHion, m put into com- 
])rcH«ioTi to the extent of 


to the extent of 
: 1*11 tonH, under 


8 X the Hyrttem of loadK conHidered, 

X g»" f and would therefore rc([uiro 

^ ^ dcHigU(‘d as a strut. 

pz^ S ^ [i Stresses in Baltimore 

Qo ^ 5 Z \ ' Truss with TInsymmetrical 

^ /z oo Loads.- -Ki^. 177 indhiates a 

7\y7 ^ ^ Baltimore truss of eiji^ht inain 

(D ^ VU — ' panels, Hubdivhhid into sixLcen 

z£^ 9 /^ !5 panels by the Hub-verti(uilB 

K z/-h M / I supportin<^ the interniediiito 

- - y K> ^ marked by the ein'les. 

s/- poC ^ 5 assumed rei>resent 

\y ‘\ / ' 7 fairly closely the ease of a 

y ^ 5 y Bpau ^ir^hr carryinj^ a 

I X rolling load (extending from X 

tULt^y gj I up to and loading the main 

^ / \ Hj/oo remainder 

S of the girder carrying dead 

yiL.' loudonif. 

9 M^ 9 /~- ^ ® Reaction at X = (i x 7 

y Qt>~ 

^“V \ 7 dipper joints + 11^ 

jI 1!> I 12 I Jl I 10 t jL J-JL 
BPZ-h 9l-h 58 5 ^ UJ ^ ^ IjJ ^ K! ^ KI 

\Zli£::L(Sl 1* 4-l(i)+ ix '10 -f 1 !) X 1« + H 

N =“■ ® , Ctu + w + iii 4- iui) 

<5 8 *-0 on lower joints = 204 

*gz N ' tons. Total load = 4(M tons, 

X, _ .'. reaction at Y = 4C4 — 2(14 

= 200 tons. The suh-vcrticals Y act as snspoudors for tiunsfcrring the 
intermediate loads (ringed) to the main joints of the girder. Each is 



LATTICE OIEDERS 


231 


consequently in tension to the extent of the load supported at its lower 
end. The tension of 32 tons in Vi is shared equally by the struts A and B, 
giving a vertical compression of 16 tons in each. The tension of 32 tons 
in V 2 is divided between the upper half 0 of the mam tie of the second 
panel and the sub-tie D of the same panel, giving 16 tons vertical 
tension iu^ each. Similarly the other tensions are divided between the 
pairs of diagonal members supporting the sub-verticals. The stresses 
in the mam members of the N-aystem may now be taken out. These 
members are shown by heavy lines. Commencing at X, the upward 
reaction is 264 tons, which produces a vertical compression of 264 tons 
in strut A. As 16 tons of this has already been written against this 
member, the remainder, 248 tons, is added on. This will also be the 
vertical compression in E. The vertical P acts as a suspender for the 
32 tons load at its lower end, and also resists the downward vertical 
thrust of 16 tons in B, and therefore suffers a tension of 32 -h 16 = 48 
tons. At the first upper joint the strut B exerts an uplift of 248 tons, 
whilst ties P and 0 exert a downward pull of 48 + 16 = 64 tons, which 
together with the 8 tons of load, make a total downward force of 
72 tons. The excess upward thrust of 248 — 72 = 176 tons must be 
resisted by the vertical tension in tie 0, over and above the 16 tons 
tension already caused in it by the intermediate load on Vg. This 
vertical tension of 176 tons is written against both upper and lower 
halves of the main tie C. At the second lower joint the vertical 
tension of 176 tons in C is balanced by the downward thrust in strut 
G + the 82 tons load, giving 176 — 32 = 144 tons compression in G. 
The other panels are similarly treated. At the central upper joint the 
vertical tensions of 16 and 24 tons in H and K, together with the 
8 tons load cause a compression of 48 tons in L. At the central lower 
joint the downward force is 88 tons, consisting of the 48 tons thrust 
in L + the 40 tons load. The upward pull in M = 32 tons, leaving 
88 — 32 = 56 tons to be resisted by the vertical tension in N. The 
last mam vertical E resists the vertical thrust of 4 tons in the last sub- 
strut, and also acts as a suspender for the load of 8 tons at its lower end, 
its tension being therefore 4 -h 8 = 12 tons. At the upper end of the 
inclined end strut T, the downward forces are 176 tons in tie S +12 
tons in E + 8 tons of load on the joint, giving a vertical compression 
in T of 190 tons, which added to the 4 tons due to the sub-vertical Vj 
gives 200 tons compression in the lower half of T, which checks with 
the reaction of 200 tons at Y. 

The horizontal stresses in all the inclined bars, aspming their 
inclination as 45° are written on the lower diagram of Pig. 177, from 
which the indicated boom stresses are easily summed up. As before, 
the direct stresses in all the inclined bars equal the horizontal stresses 
X v'2. . . , , 

Stresses in K-Truss. — The K-truss provides an alternative method 
of subdividing the original panels of a single triangulation girder. It 
is economical of material, largely on account of the relative shortness of 
its compression members, the detailed connections are simple and regular, 
and in riveted spans the secondary stresses are lower than in the 
Pennsylvania and Baltimore types. The stresses are more closely 
determinable than in the Whipple or double N-truss. K bracing is 
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omployed ia tUo canlilovera of th:! Qaoboc Bridge, and other large span 
bridges of this type have recently Iwun erected. 

Fig. 178 represents a K-truss of 2-10 feet span, 20 feet panel width 
and 40 foot depth, under a symmetrical panel load of 48 tons. 
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Ilcaclions at X and Y = .i x II X 'IH = 2(14 tons. At uny verLioal 
sootion VS in a parallel si^'der of this type the vertioal shear force is 
resisted by the two inclined web members AH and AC. These being 
equally inclined, each resists one-half of the vertical shwir of 264 
-(2 X 48) = 168 tons. Ilcncc vcrtmal compommt of stress in 
AB = + (I X 168) = + 8*1 tons and in AO = - 8*1 tons. Proceeding 
in a similar manner for each ])anel, the vertical stresses in the chagonal 
members are obtained. Memuer Cl) resists a (jompressioii of 8 1 tons due 
to the upward vertical pull in AC less 48 tons due to the downward pull of 
the loud at C = 84 - 48 = % tonscomprtwion. Member Bl) resists in 
tension the n])\vard thrust of 81 tons in AB (h‘88 any load which may 
be imposed at B). The central vertical n‘HistB m tension the combined 
upward thrust of the two diagonal members KF ami EC attached to its 
upper end. 

The corresponding horizontal components of stress in the diagonals 
(in this case equal to the vertical (5omi)oneni8 since iucliiied at ‘ir/’) arc 
written on the right-hand side of Fig. 178, from which tlie boom or 
chord stresses are suinmod up in the usual manner. The dotted 
members HK and HL arc unnecessary unless rcciuired in connection 
with a vertical system of portal bracing. These girders arc frequently 
built with inclined end members as at BN, members lUC and IIB being 
then omitted. 

If the girder be built as in Fig, 170, less economy of material is 
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realised for the same span and loading, the increase of dead weight being 
about twelve per cent. 

K-Oirder with TInsymmetrical Load.— Taking a girder of the same 
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dimensions and inclined end memliers, but with uusjmmetrical loading 
as in Fig. 180, the reaction at 

j = ^3|^ ll+10+9+8+7+8j ^ (5 +4 +3+2+1 ^ _ 

Total load = 368 tons. Reaction at Y = 368 - 224=144 tons. The 
vertical shear force in each panel is \vritten down from inspection 
starting with Rx = 224 tons and deducting the loads in turn, working 
from left to right.^ The shear force changes sign in the sixth panel 
from X, hence EF is in tension and PM in compression. 

The vertical stresses in the first two panels are obtained as in the 
Baltimore truss in Fig. 177. In K-girders members which suffer 
reversal of stress are usually built as compression members instead of 
introducing oounterbraces. The chord stresses are summed up as 
before from the horizontal stresses in the diagonal web members and 
are given in the lower figure. 

Stresses in K-Girder of Variable Depth.— Fig. 181 represents a K- 
girder of the same span and loading as in Fig. 180 but with the depth 
reduced from 40 feet at the centre to 32 feet near the ends as shown. 
The vertical stresses in the first two panels are the same as before. In 
the third, fourth, and fifth panels the inclined upper chord resists part 
of the vertical shear and the remainder only is shared between the 
diagonal web members. Converting the vertical stress of 200 tons in 
AB into its corresponding horizontal stress, — horizontal stress in 
AB = 200 X f§ =250 tons. 

This is also the horizontal stress in BC. The vertical stress in BO 
= 250 X 2^ = 50 tons. Vertical shear in panel EP = 224 — (2 x 48) 
= 128 tons. Of this 50 tons is resisted by BO, leaving 128-50 
= 78 tons to be equally divided between HO and HP if of equal 
inclination as is usual. Hence vertical stress in HC = + 39 tons and 
in HP = — 39 tons. 

Horizontal stress in HO = 89 x = 43*3 tons. 

Hence, „ „ CD = 250 4- 43-3 = 298;3 tons, 

and Vertical „ CD = 293-3 x = 29*3 tons. 

Vertical shear in panel PG = 224 — (3 x 48) = 80 tons, of which 
29*3 tons is resisted by CD, leaving 80 — 29*3 = 50*6 tons to be 
equally divided between KD and KG, giving 25*8 tons for vertical stress 
in KD and KG. Tlie remaining top chord and diagonal stresses are 
obtained similarly. Those for the other members are then readily filled 
in by summation. Thus, stress in HE = 24 + 48 = 72 tons tension. 
Stress in HB = 89 4- 39 4- 72 = 150 tons tension. Stress in FK = 
48 — 39 = 9 tons tension. Stress in KC = 25*§ + 25*3 4- 9 = 59*6 
tons tension. The stresses in the right-hand half of the girder have 
been obtained similarly by working from Y towards the central panel 
where the stresses check. 

Stresses in Parallel Lattice Cantilever with Symmetrical Load. 
— The stresses in parallel cantilevers are readily obtained by the method 
of the previous examples. Assuming the loads indicated in I’ig. 182, 
the vertical stresses are written down on the left-hand half of the 
girder, commencing with the 60 tons load at the outer end, and 
terminating with the supporting leg L, in wlaich the compression is 
100 tons, or half the total load, which is here symmetrically disposed 
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about the centre. The horizontal BircsBOH in the dia«:onalB (tor bars at 
45'^) are shown on the rifjht-hand half, from which the boom stresses 
readily follow. The upper boom in, of courKc, in tcuHion, and the lower 
in compression. There will be no Htr(*HB in the dotted dhij^onals of the 
central panel, those coming into action under an unHymmetrical load. 



The lower dotted members, if the girder ho Hupportod on a braced pier 
as shown, will be required to resist longitudinal diBjdacing forceH, such 
as end wind pres-jure and longitudinal racking foix^e, cauHcd by the 
application of brakes to a rolling load traversing the girder. These 
forces would, in the absence of members tend to rack the 

structure as shown in the smaller figure. 

Stresses in Parallel Cantilever with TTnsymmetrical Load.— In 
Kg. 183 the same cantilever is taken with greater loads on the lower 
joints of the left-hand half. J*roceediug as before, the vertical stresses 
may be written down for both halves until arriving at the uj)per points 
A and B. Inserting then the corresponding horizontal stresses in all the 
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diagonals outside the points A and B, the boom stresses are summed 
up working from the outer ends towards the pier. ^Fhe stress m AO is 
thus found to be 8 12 toim of tension, and that ni BI), 210 tons. Next, 
the combined horizontal pulls of 210 and 00 tons in BI) and BE 
respectively will create a tension in AB of 800 tons. As this is 
insufficient to balance the combined horizontal pull of 812 + 1*13 
= 484 tons exerted by AO and AQ, the diilerenee = 4«I - 800, or 
184 tons, will give the horizontal tension in AF, which thus comes into 
action as a tie, whilst HB remains lax. Tho 181 tons of horizontal 
stress in AF will be accompanied by a vertical stress of 184 tons (if 
inclined at 46°), inserting which, the remaining vertical stresses may he 
computed. At A the downward pull on the upper end of strut 
AH = 142 tons in AG + 184 tons in AF, which, with the 2 tons load 
at A, make up 828 tons of compression in AH. Adding tho 12 tons 
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load at H, the compression in the pier leg HK = 328 + 12 = 340 tons. 
At B the downward pall of 90 tons in BE, together with the 2 tons 
load at B, causes a compression of 92 tons in BE. Lastly, at F the 
vertical uplift in tie AP is 184 tons, whilst the downward forces are the 
thrust of 92 tons in BE + the 8 tons load at P, or 100 tons. The 
resultant uplift is, therefore, 184 — 100, or 84 tons, which must he 
resisted by 84 tons of tension in the pier leg PL. This leg, for the 
loading in question, would therefore require to he anchored down hy 
foundation bolts capable of resisting 84 tons of tension. 

The loads on a large cantilever would greatly exceed those assumed 
above, and would result in an excessive uplift or tension in the pier 
legs, according as one or the other half of the girder were the more 
heavily loaded. In order to avoid such excessive uplift on the 
foundation, the legs forming the supports may be placed further apart, 
as in Pig. 184. The modification in the stresses will then be as follows. 
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Assuming the same loads, but jolacing the supports at Gr and E instead 
of at H and F, the reactions in the two legs GK and EL are first found 
by taking moments about either. 

Taking moments about Cr, and denoting the panel width by unity, 
the moment of the loads to the loft of G = 100 X 3 + 14(2 + 1) = 342. 

Moment of loads to right of G = GO x G + 10(5 + 44-3 + 2) 
+ 14 X 1 = 514. 

The excess of the right-hand moments = 514 - 342 - 172, which, 
tending to pull down the portion of the girder to the right of G, will 
have to be resisted by an tqnoard thrust in leg EL, applied at a 
leverage GE = 3 panel lengths. 

Hence, compression in EL = ^ = 57^ tons. 

The total load on the girder = 256 tons, compression in leg 
GK = 25G - 57:1 = 1 tons. 

Commencing again vuth the vertical stresses, on reaching point 0, 
the upward thrust in GC = 198 ^ tons in GK — the 12 tons load at 
G = 186§ tons. Tins is partly resisted by the downward pull of 128 tons 
to the left of 0 + the 2 tons load at 0 = 130 tons. The difference of 
186§ — 130 = 5G| tons, will he resisted hy the vertical tension in tie 
OH. It will be noticed the inclined member in this panel has been 
reversed as compared with the previous example. If the member AG 
be retained it would take a vertical comj^ression of 56| tons, whilst CG 
would take 130 tons compression instead of 186| tons. The tie from 
0 to H is the preferable arrangement. The remaining vertical stresses 
call for no special comment. The horizontal stresses in the booms, 
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aBSumin^ tlio diagonals inclined tib 45®, are summed up as usual. The 
figures for the horkmital stresses in the diagonals, having the same 
valne as the vertical stresses, have been omitted iu Fig. 184 for the 
sake of clearness. 

Stresses in Lattice Girders of Variable Depth.—In girders of the 
types shown in Fig. 1C2, Nos. 4, 5, 8, 12, i:$, and 14, the curved or 
inclined boom resists a portion of the vertical shearing force, so that 
the inclined tics and struts arc not called upon to resist the whole 
shear, and the variation iu depth of any particular girder will determine 
what proportion of the total shear is borne bv tlie booms or flanges, 
whilst the remainder only will be resisted by the w'eb members. It is 
impossible, theroforo, to write down the vertical stresses in the lattice 
bars merely from an inspection of tlic loads, as in the case of iHjrallel 
girders, and a slightly modified method of analysis becomes necessary. 

Stresses in Hog-baoked Lattice Girder with Symmetrical Load.— 
Fig. 185 represents the elevation of one half of a girder of HO feet span 
having 8 panels of 10 feet breadth, a eentrul dcptli of 12 feet, and end 
depth of C feet, carrying the loads indicated on upper and lower joints. 
Under symmetrical loading only one half of the girder need be con- 
sidered. 



The reaction at each end = 4 x 2 + ;) x 2 1 -f J x 24 = !)2 tons. 
Bending moment at G = (!)2 - 1) x 10 = i) l() foot-tons. 

„ „ H = S)1 X 20 — 2(! X 10 = I5(io foot-tons. 

,1 „ K = 01 X 30 - 20(20 -f- 10)= 19,50 foot-tons. 

„ „ L = 91 X 40 - 20(30 -f 20 -t- 10)= 2080 foot tons. 

The curve of the upper boom being drawn in from A to H, the 
depths intercepted at G, H, and K arc 8^, lOjj, and 1 1 J rc(‘t respectively. 
Dividing the B.M. at each section by the vertical depth of the girder, 
the horizontal boom stress is obcained. Thus — 


Horizontal stress in AB = 

depth BG 
Tin _ IblM, at II 

” ” ” depth'CH 

„ „ CD - ^ 


910 

= 107*1 tons. 

jij. 1 5()0 1 n .A 

^=.1-^.= 151-0 „ 


depth DK 

DI1 = ^^ = »«» = 178-3 
depth EL 12 

T^ese horizontal stresses are now written against the respective 
members, with a sign to denote compression, whence the horizontal 
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stresses in the diagonal ties at once follow. Thus, the horizontal 
compression of 107-1 tons in AB can only be caused by the hori- 
zontal pull applied by the tie AG, since the member AF is vertical and 
has no horizontal component of stress. The horizontal tension in AG is 
therefore 107-1 tons. Similarly the increase of horizontal compression 
from 107-1 tons in AB to 151 tons in BO is caused by the horizontal 
pull of tie BE = 151 — 107-1 = 43-9 tons. Also horizontal tension in 
OK = 169-6 — 151 = 18-6 tons, and in DL = 178-3 — 169-6 = 3-7 
tons. The_ lower boom stresses now follow, being snmmed up as in 
a parallel girder. The vertical stresses in the ties are next required, and 
are obtained by multiplying the horizontal stress by the ratio 

for each tie Thus- 

horizoutal breadth 


Yertical stress in AG = 107-1 x ^ = 107-1 x — 

FG 10 


= 64-2 tons. 


BE = 43-9 X ^ = 43-9 X ^ = 37-3 
U-Jl 10 

OK = 18-6 X ^ = 18-6 X ^ = 19-2 

DL = 3-7 X I? = 3-7 X # = 4-3 

JlJj 10 


These stresses are written vertically against the respective members. 
The stresses in the verticals easily follow. In AF the compression is 
of course equal to the reaction of 92 tons. At Gr the vertical uplift of 
64*2 tons in AG is partly balanced by the downward pull of the 24 tons 
load at G, leaving a compression of 64*2 — 24 = 40-2 tons in BG. 

Similarly compression m CH = 37*8 — 24 = 13*3 tons. At K the 

vertical uplift in tie OK is only 19*2 tons, whilst the load to be 
supported at K is 24 tons. The difference = 24 — 19*2 = 4*8 tons is 
therefore taken by DK in tension. At the centre L the uplift in both 
ties DL and ML = 43 + 4*3 = 8*6 tons, and the load supported at L 
is again 24 tons. The difference 24 — 8*0 = 15*4 tons is therefore 
taken by EL in tension. 

It should be noted that whether the vertical DK is in compression 
or tension depends on the outline given to the upper boom. h. very 
slight increase of depth at CH, say to 10| instead of 10^ feet, would 
result in a horizontal stress in BO of 140*2 tons and m OK of 23*8 

tons, giving a vertical stress in OK of 25-4 tons. This being greater 

than the 24 tons load at K would result in DK being subject to 1-4 
tons of compression instead of 4 8 tons tension. 

It remains to convert the horizontal stresses in the ties and inclined 
segments of the upper boom into the corresponding inclined or direct 
stresses. This is done in each case by multiplying the horizontal stress 

in the member by the ratio horiSSk ' 

may be calculated or scaled off, provided the elevation of the girder is 
carefully drawn to scale. The inclined lengths are as follows : — AB, 
10-8 ft. ; BC, 10-2 ft. ; CD, 10-1 ft. ; DE, 10-02 ft. ; AG, 11-66 ft. ; 
BE, 13-12 ft. ; OK, 14-38 ft. ; DL, 15-24 ft. Eence direct stresses are. 
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AB = 107’1 X - = no-8 tous. 

B0=ir)l X =lf)4M) „ 
01) * IfiO-C X == 171-:5 „ 
DB= 17:i'!{ X ’‘J’J'r,l7!t-7 „ 


AC « 107-1 X ’ « im tons. 

BlI r- X = r>7-c „ 
(’K i«-(i X ‘ = a(i-7 „ 


Auy condition of luisymmcbriciil loivdin^ may lo treated in the same 
mamior hy calculating the bending moment alciwh iwuel point tlnough- 
out the girder, as oxomnliried in the following cuhu. 

Stresses in Cantilever of varying Bepth with TJnsymmetrioal 
Load. — Rig. 186 reprcHontH the outline of a cantilever girder supported 
on piers 100 foot apart and overhanging a.K) feet on cither side. Each 
arm contains five panels of W) fast horizontal breadth. The loads 
indicated are assumed ns acting at the various ])unel points and re- 
nresent closely the state of loading for a steel girder of these dimen- 
sions, forming one of a pair for carrying a double line of railway, 
when the left-hand half from P, nj) to and including Joint N is loaded 
with the rolling load plus dead load, whilst the right-hand half is 
assumed to carry dead load only. 

B.M. at A = 47 X 50 = 2}ir)0 foot-tons. 

„ B = 47 X 100 + 108 X 50 * '.)K.50 foot-tons. 

„ (! = 47 X 1.50 + 108 X 100 + 10!) X 50 = 2i,HO0 foot-tons. 

„ 1) = 17 X m) + 108 X 1.50 + 100 X 10(» -I- 1 18 X 50 

= 41,400 foot-tons. 

„ E = 47 X 2.50 + 108 X 200 + 100 X 1.50-1-1 18 X 10()-|- 1 17 X .50 
= 05,850 foot-tons. 

„ E = 22 X 2.50 + 58 X 200 + 50 X 150 + 08 x 100 -I- 07 X 50 
= 84,000 foot-tons. 

„ 0 = 22x200+58 X 1.50+.50X 100+08 X. 50 = 21, 400 foot-tons. 

„ II = 22 X 1.50 + .58 X 100 + 50 X 50 = 1 1,. 5,50 foot-tons. 

„ K = 22 X 100 + 58 X 50 = 48,50 foot-tons. 

„ L = 22 X 50 = 1100 foot-tons. 

In the following table are entered the bonding moments, depth of 
girder at each panel point, and honzontal stresses m booms, obUuned by 
dividing the B.M. by depth of girder. The horizontal stresses in 
diagonals are obtained by sucejensive diJTcroiKics of the horizontal 
stresses in the boom segments, and the vertical stresses in diagonals by 
multiplying the horizontal stress by the ratio, 

vertical heigh t of diag onal 
horizontal breadth of diagonal. 

The Igniting stresses are indicated on Rig. 186, the compression in 
any vertical being obtained by subtracting the load at its lower end 
from the vertical tension in the diagonal tie attached at that point. 
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At 

B M. in fool- 
tons 

■Doptli. 

Feet. 

Horizontal stress In boom 
segments in tons. 

Horizontal stress in 
diagonals. 

Vertical stress 
in diagonals. 

A 

2,350 

40 

AB, 68*8 

PA, 68-8 

OB, 120-8 

132*3 

B 

G 

9,850 

22,800 

55 

70 

BO, 179-1 
CD, 325*7 

EO, 146-6 

SD. 134-3 

206*2 

241*7 

D 

41,400 

90 

DE, 400*0 

TE. 

88*8 

2131 

B 

05,850 

120 

EE + EM, 648*8 

EM, 260 6 

416*8 

F 

84,600 

120 

BP, 288*3 

py, 50 5 

121*2 

G 

21,400 

90 

EG, 237*8 

GW, 72*8 

131*1 

H 

11,650 

70 

GH, 106*0 

HX, 76*8 

107*5 

K 

4,860 

55 

HK, 88 2 

KY. 60*7 

66*8 

L 

1,100 

40 

KL, 27*5 

LZ, 

27*6 



The compression of 288*3 tons in MV is obtained by summing up 
from Z inwards or is taken directly from the calculation, being 

BM. at F r.., . . . nirxT at E 

= ^ — . The compressive stress in MN = 

tons. The difference 548*8 ~ 288*3 = 200*5 tons gives the horizontal 
tension in EM which comes into action when the left-hand cantilever 
arm is the more heavily loaded, NP being then inoperative. The 
pressures on the supports are, for the 

left-hand pier = vertical compression in ENT + load at N 
= 83G*7 + 108*0 — 944*7 tons, and for the 
right-hand pier = compression in FM - vertical uplift m EM 
-h load at M 

= 298*0 -312 G + 58*0 = 44 3 tons. 

These may be verified if desired, by taking moments about either 
pier. The following table gives the calculated inclined lengths of the 
sloping ties and scguionts of the upper boom, from which the tabulated 
direct stresses have been calculated as follows. Direct stress in any tie, 
say SD, 

= horizontal stress X “ 134*3 x = 276*6 tons. 

Direct stress in any segment of the upper boom, say DE, 

DF 58*3 

= horizontal stress x = 4G0*0 x = 536*3 tons. 

The horizontal and vertical stresses in members which are themselves 
horizontal or vertical, constitute of course the direct stresses for those 
members. The direct stress in any sloping member of any girder may, 
if preferred, bo obtained as follows. 

Let H = horizontal stress. V = vertical stress, then direct stress 
= V®** In large girders, the lengths of the longer struts as CS, 

R 
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DT, NM, and EN being anavoidably great, these members voald be 
stiffened by auxiliary struts sn, shown by dotted lines, in order to 



reduce their tendency to buckle. Such members, however, do not enter 
into the calculations for the primary stresses. 
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Lireot Stresses in Inclined Members of Cantilever Girder 

IN Fig. 186 . 


Membei 

Horizontal stress 

Inclined leugtb. 

Horizontal length. 

Direct stress. 


tons 

ft. 

ft 

tons 

PA 

68-8 

64*0 

60 

75*3 

AB 

68 8 

62 2 

60 

61-7 

BO 

1791 

62*2 

60 

188 0 

CD 

326-7 

63-9 

60 

3611 

DE 

460 0 

68 3 

50 

636-3 

EG 

287-8 

58 3 

60 

277 2 

GH 

165-0 

68 9 

60 

177 8 

HK 

88 2 

62 2 

50 

921 

KL 

27 5 

62 2 

50 

28 7 

LZ 

27 6 

64 0 

60 

35 2 

OB 

120 3 

74 3 

60 

178 7 

BO 

U6-6 

86 0 

60 

262*1 

SD 

134-3 

103-0 

50 

276 6 

TE 

88 8 

130 0 

60 

230 8 

EM 

260 6 

156 2 

100 

406-9 

FV 

50 5 

130-0 

60 

1313 

GW 

72 8 

103 0 

60 

149-9 

HX 

76 8 

86 0 

60 

1321 

KY 

60-7 

74 3 

60 

90 2 


General Method for Bolling Load Stresses in Girders of Constant 
Depth. — The calculation of the maximum stresses caused by a roUmg 
tram load passing over a bridge span is considerably simplified if the 
actual axle loads be replaced by the “ equivalent distributed load,” that 
is, by a uniformly distributed load which would produce at least as 
large bending moments or shearing forces as the actual axle loads of the 
type of train in question. 

The following method is conveniently applicable to the most 
generally employed types of single triangulation bridge girders. Let 
Fig. 187 represent the outline of an N-girder of eight panels. The 
‘‘ equivalent distributed rolling load ” will be specified as so many tons 
per foot run (see Table 22). The “ panel rolling load ” will therefore 
= equivalent distributed rolling load X panel length. As this value 
will be variable for different types of locomotives and varying panel 
lengths, it is convenient to assume a “ panel rolling load ” of one ton 
and afterwards to multiply the stresses resulting from unit panel load 
by the actual panel load for any particular case. 

Considering a rolling distributed load equivalent to one ton per 
panel advancing from A towards K, let the load advance until panel 
point B is loaded with one ton. In this position seven-eighths of a ton 
of vertical shear will be transmitted through diagonal 1 — B acting m 
tension, to abutment A, and one-eighth of a ton of vertical shear through 
all the remaining diagonals acting in compression to abutment K. 

These values are entered along the first horizontal line of the table 
beneath Fig. 187, the negative sign indicating tension and the positive 
sign compression. If panel point C be loaded with one ton, six-eighths 
of a ton of vertical shear will be transmitted through diagonals 2 — 0 
and 1 — B as tension, to A, and two-eighths of a ton through the 
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remaining diagonals as compression, to K. The completion of the 
table as the unit load occupies successively the different ]^nel points is 



simple. The algebraic sum of the quantities in any vertical column 
from the top down to any particular panel point will evidently give the 
vertical component of stress in the diagonal at the head of that column 
at the instant when the load occupies the panel points in question. 
Thus, when the distributed load extends from A over panel points B, 0, 
and D, the vertical stress in diagonal 2 — 0 = + 5 - 5 — f = — xton, 
and in diagonal 6 — G = +s- + f + §= + 5 ton. It will be noted 
that the signs of all the quantities above the stopped line are positive 
and those below the stepped line negative. It is readily seen, therefore, 
that in order to produce the maximum rolling load stress in 1 — B, all 
the panel points must be loaded, when the vertical stress in 1 — B would 
_7_6-5-4-3-2-1 

be = — 3^ tons. Also to produce the 


maximum vertical stress in 3 — D, the points D, E, F, G, and H must 

be loaded, this stress then being = ~ 0 ~ 4 — 3 — 2 ~ _ 1 _ _ 17 

If the points B and 0 he also loaded the negative stress of tons in 

3 — D would be diminished by — — — == +| ton. It is evident 

there are specific positions of the load which produce the maximum 
tensile and compressive stresses in the diagonals and these positions are 
defined by the stepped line separating the positive and negative quan- 
tities. The totals of the negative and positive quantities in each column 
are figured at the foot of the table, as also the algebraic totals. 

The negative totals give the vertical components of the maximum 
.tension which the rolling load may produce in any diagonal. The 
positive totals give the vertical components of the maximum com- 
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pression which fche rolling load may produce in any diagonal The 
algebraic totals give the vertical components of the stresses in the 
diagonals when every panel point is loaded, that is, when the rolling 
load covers the span. 

In order to compute the actual maxima stresses in the diagonals it 
is only necessary to multiply these positive and negative totals by the 
actual “panel rolling load,” and to convert the resulting vertical 
stresses into their corresponding inclined or direct stresses. It will 
be noticed that all the diagonals, excepting those in the two end panels, 
undergo reversal of stress due to rolling load only, according as the 
load approaches from one or the other end of the span. 

A similar table may quietly be constructed for a girder of other 
than eight panels, and for practical use only one-half of the table is 
required, since the totals are the same to right and left of the centre 
but with the signs changed. When the diagonals 5P, 6G, 7H, and 
8K are reversed as in an actual girder, the signs of the vertical stresses 
pertaining to those members are thereby changed and the totals to right 
and left of the centre become identical both in sign and magnitude. 

The maxima stresses in the upper and lower chords occur when 
the rolling load covers the whole span, increasing from zero to the 
maximum as the head of the rolling load moves from A to K or from 
K to A. The rate of this increase upon which the impact allowance 
partly depends is governed by the speed of the advancing load. There 
IS, of course, no reversal of stress in the chords, 


/ 2 J 
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1 ^^ 

p 
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Fig. 188. 

Rolling Load Stresses in Verticals.— The stresses in the vertical 
members, excepting the two end ones 1 A and 9K, also undergo reversal 
during the passage of the rolling load. The maximum values are 
readily deduced from the totals of the above table. 

In Fig. 188 the maximum tension is assumed to occur in diagonal 
3 — D when the rolling load extends from K up to a point P such that 
panel point D is fully loaded whilst 0 is unloaded. Actually this is 
not possible with a uniform load, since any portion of the load as PD 
which enters the panel CD is necessarily partly carried by the panel 
point 0 in advance of D. For the present purpose P may be regarded 
as the centre of panel OD.^ The vertical stress in 3 — D at this 
instant is 1| tons tension. The vertical 3— C receives this downward 
puH of 1| tons applied at its upper end and therefore suffers a 
compression of If tons, which is transmitted as tension through 2 — 0, 
compression through 2— -B, tension through 1 — B and compression 
through 1 — A to the abutment A. Hence the vertical next in 
advance of the head of the load receives its maximum compression 
simultaneously with the occurrence of the maximum tension in the 
diagonal attached to its upper end. 

^ See chapter on Influence Lines, p. 276. 
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Afonin, when the load extends from A to P, diagonal 8— D receives 
its maadmnm compression, the vertical component of which (from the 
table) is f ton. This vertical uplift exerted on the upper end of 8—0 
applies a tension of f ton to 8—0. These occurrences may be sum- 
marised thus : — 

Load. Diagonal 8— D. Vertical 8—0. 

Prom K to P Max. vert, tension = l| tons. Max. comp. s= l| tons. 

„ Atop „ „ comp. = f „ „ tension = | „ 

The application of this method to the calculation of the combined 
dead and rolling load stresses in a bridge girder will now be shown. 

Example 81a . — An lA-girder f?/128 feet upwit 10 feet and having 

eight panels < 3/16 feet widths carries a dead load of f ton per foot run 
due to floor and trade supported on lower panel points and f ion per foot 
run dm io toetght of girder^ divided egually beUvecn upper and lower 
panel points, i%e equivalent rolling load is 2 tons per foot run carried 
on lower panel points. Required the maumum and mnimwn stresses in 
the members. 

Dead Load per panel on upper panel points = A x 16 = T) tons. 

„ „ „ lower „ „ =(| + i'V) X 16 = 17 tons. 

Ra = Rx = 1(7 X 17 + 7 X 6 -f 2 X 8) = 80 tons. 


Load Stresses, 

3SSSSSSS3 
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Fio. 189. 


Dead Load Stresses.— The dead load stresses, taken out in the usual 
manner, are shown on Fig. 189, and are transferred to the “dead 
load ” column of Stress Sheet after multiplying the figured diagonal 
stresses by V2. 

Maximum and Minimum Bolling Load Stresses in Chords. — The 
maximum stresses in the chord members due to rolling load occur 
when the rolling load covers the whole span. The minimum stresses 
are zero since no reversal occurs. 

Panel rolling load = 16 x 2 = 32 tons. 

Fig. 190 shows the stresses caused by a load of 32 tons imposed on 
each lower panel point. Only the chord stresses from this figure are 
transferred to the Stress Sheet, since the diagonal and vertical stresses 
are not the maximum stresses for those members. 

Maximum and Minimum Bolling Load Stresses in Diagonals. — 
The negative and positive totals in the foregoing table apply to a panel 
load of one ton. The actual panel rolling load is 32 tons. Hence, — 
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Max. stress in IB = -3| x 32 x ^2 = - 158‘4 tons. 
Min. „ IB = 0 

Max. „ 20 = - 2f X 32 X ^2 = - 118'8 „ 

Min. „ 20 = + i X 32 X V2_= + 57 „ 

Max. „ 3D = - 1| X 32 X = - 84-9 „ 

Min. „ 3D = + f X 82 X V2_= + 17-0 „ 

Max. „ 4E = — X 32 X ^2 = - 56'6 „ 

Min. „ 4E = + 1 X 32 X ^2 = + 84'0 „ 


Rolling Load Stresses. Span fully haded. 

I Z 3 4 S -f-ZSe +Z40 +/9Z *IIZ 
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Fia. 190. 


Maximum and Minimum Rolling Load Stresses in Verticals. 


Max. stress in lA = + 31 x 32 = 4- 112 tons. 

Mm. 

„ lA = 0 


Max. 

„ 21J = + 2| X 32 = + 84 

if 

Min. 

„ 2B = - ^ X 32 = - 4 


Max. 

„ 30 = + 1| X 32 = + 60 

}> 

Min. 

„ 30 = - ^ X 32 = - 12 


Max. 

„ 4D= +11x32= +40 


Min. 

„ 4D = - -1 X 32 = - 24 



Stresses in Counter brace 51) and Central Vertical 5E.— The 
maximum and minimum stresses due to the combined dead and 
rolling loads are obtained by taking the algebraic sum of jint the 
dead load stress and maximum rolling load stress, and secondly the 
dead load stress and minimum rolling load stress for each member. 
The resulting stresses are entered with their proper sign in the two end 
columns of the Stress Sheet. It is now evident that the stresses in the 
chord members fluctuate between higher and lower values of the satne 
kind of stress. In diagonals IB, ^0, and 8D the stresses fluctuate 
between higher and lower values of tomon. In diagonal 4E the 
maximum stress is 72 tons of tension, whilst under the worst position 
of the rolling load for creating compression m this member, the 
incidental compression of 34 tons is more than sufficient to neutralise 
the 15*6 tons of permanent tension caused by the dead load. Hence 
during the passage of the rolling load from A up to and fully loading 
panel point D, the stress in 4E first rapidly diminishes from 15*6 tons 
of tension to zero and then changes to compression which rapidly 
increases to 18‘4 tons. An instant later panel point E also becomes 
loaded when the rolling load stress in 4E is seen to be (from Table, 


S'// 
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Sntass Shbst. 


Member 

Dead Load. 

JKoUiug Load. 

Combined Load. 

Max. 

Mlu 

Max, 

Min. 

1—2 

+ 77 

+ 112 

0 

+ 189 

+*77 

2—3 

+ 182 

+ 192 

0 

+ 824 

+ 182 

3-4 

+ 166 

+ 240 

0 

+ 406 

+ 166 

4—6 

+ 170 

+ 266 

0 

+ 482 

+ 176 

A-B 

0 

0 

0 

0 

0 

B-0 

- 77 

-112 

0 

- 189 

- 77 

0-D 

- 132 

-192 

0 

-324 

-182 

D-E 

-165 

-240 

0 

-406 

-166 

1-B 

- 108’9 

- 168*4 

0 

- 267*3 

- 108*9 

2-0 

- 77*8 

- 118*8 

+ 6*7 

- 190*0 

- 72*1 

8-D 

- 46*7 

- 84-9 

+ 17*0 

- 131-6 

- 29*7 

4— E 

- 16*6 

- 6&6 

+ 34*0 

- 72*2 

+ 18*4 

0 if o.b. 

6-D 

0 

- 18'4_ 

0 

- 18*4 

0 

i— A 

+ 80 

+ 112 

“o 

+ 192 

+ 80" 

2— B 

+ 60 

+ 84 

- 4 

+ 144 

+ 66 

3-0 

+ 88 

+ 60 

- 12 

+ 98 

+ 26 

4-D 1 

+ 16 

+ 40 

-24 

+ 66 

- 8 

0 if o.b. 

6-E 

+ 5 

+ IS 

0 

+ 18 

+ 5 


Fig. 187) = 82 x ( + 8 + J- + f — 5 )xV 2=4- 11'3 tons, that is, 
still compression. But this compression of 11-3 tons is more than neu- 
tralised by the permanent tension of 15-6 tons due to the dead load, so 
that during the short interval of time occupied by the head of the load 
in reaching some point just beyond E the member 4E is restored to a 
state of tension. It will be realised that these fluctuations of stress in 
4B take place very rapidly. Whilst the head of the load ti-avels from 
A to just beyond E, say a distance of 70 feet, the stress in 4B passes 
through the following changes. 

Head of advancing load. 

At A 

Between B and 0 

„ 0 „ D 

?> 1 , E 

11 E „ F 


Stress in 4E 
15*6 tons tension. 

10 0 „ „ 

„ compression. 


1-3 

18’4 

43 


tension. 


After which the tension in 4E continues to increase until the load 
covers the whole span. So long as the load covers the span, the stress 
in 4E remains sensibly constant, but again increases as the tail end of 
the load passes from X to panel D— E, at which instant the maximum 
tension of 72*2 tons occurs. Finally, as the tail end rolls off from panel 
D— E to K the stress falls from 72*2 tons tension to 15*C tons tension. 

For a load travelling at 60 miles an hour, the time period during 
which the stress in 4B changes from 15*6 tons tension to 18 4 tons 
compression and back again to 4*3 tons tension would be only about 
seven-ninths of a second, whilst the time occupied by the complete 
cycle of fluctuations of stress in the case of a train 500 feet long would 


be only 


500 + 128 
8S 


7*14 seconds. 
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The actual stresses caused by the load travelling at high speed 
would moreover be greater than those indicated, which are merely the 
result of considering several individual static positions of the load.^ 

The diagonal 4E may either be built as a compression member 
capable of resisting both the tensile and compressive stresses indicated, 
or if consisting of two flat bars incapable of resisting compression, a 
counterbracG 5D will be inserted capable of resisting 18’4 tons of 
tension. The stress in the main tie 4B then fluctuates between 
72*2 tons tension and zero, and the stress in the counterbrace between 
zero and 18‘4 tons tension. The central vertical 5E which under the 
dead load takes 5 tons compression will, at the instant either counter- 
brace is in full extension, be required to resist also the dowriward 
vertical pull of the counterbalance on its upper end. Hence maximum 
rolling load compression in 


5E = vertical component of maximum stress in 5D 
= 18-4-4- v^2=: 13-01 tons. 

The reversal of stress in 4D from 4- 56 tons to — 8 tons is not of 
great moment, since this member is necessarily a strut, and will there- 
fore satisfactorily resist a small amount of tension, whilst if a counter- 
brace be inserted this reversal will not take place. 


irder consists of one curved 
diagonals. In the upright 


Bowstring Girders.— The bowstring 
and one straight boom with verticals an . _ 

type. Kg. 1G2, No. 12, the curved boom is in compression and the 
horizontal boom in tension. These stresses are reversed if the girder 
be inverted as in Fig. 1G2, No. 13. The upright form is employed for 
through spans and the inverted form for deck spans. If the outline of 
the girder be made parabolic, then the horizontal stress in the curved 
boom IS uniform throughout under the action of a uniformly distributed 
load. In Fig. 191, tlie parabola ACB 
represents the B.M. diagram for a 
uniformly distributed load. If the 
depth cil of the girder be everywhere 
proportionate to the ordinates of the 
parabola ACB, then the BM. CD, at 
any point, divided by the con-espond- 
ing girder depth cd^ will give a con- 
stant quotient for the horizontal flange 

stress whatever section be considered. This being the case, there is 
evidently no stress m the diagonal bracing, since the horizontal boom 
stress does not increase from panel to panel and the diagonals do not 
therefore apply any increment of horizontal stress to the booms. The 
diagonals being m a state of no stress, it is obvious that the whole of the 
shearing force is borne by the curved boom. The verticals under a 
uniform load simply act as suspenders for the panel loads applied^ at 
their lower ends and are in tension. The horizontal boom adh resists 
the outward thrust of the ends of the curved boom and is subject to a 
tensile stress equal in amount to the constant horizontal compression in 
the curved boom. These conditions of stress will obtain very closely in* 



1 See Impact Formulse, p 49 
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girders of circular outline provided the circular curve does not deviate 
far from the parabola. In girders the outlines^ of which are not 
parabolic there will, however, be small stresses in the^ bracing, the 
magnitude of which will vary with the extent of deviation of the 
outline from the parabola. Under an unsymmetrical system of loads, 
for which most practical girders must be designed, the diagonals will 
suffer considerable tensile or compressive stresses according to their 
direction of slope, as will be seen from the following examples. 

Stresses in Parabolic Bowstring Girder under Uniform Load.— 
Fig. 192, represents a bowstring girder of 80 feet span having 8 panels 
of 10 feet width, a central depth of 10 feet, and carrying 2 tons and 
8 tons respectively at each upper and lower joint. The depths of the 
girder at B, 0, and D are respectively 4'375, 7*5, and 9*375 feet, being 
the correct values of the parabolic ordinates. The reaction at A is 35 
tons. Then 


B.M. at B = 35 X 10 = 350 ft.-tons. 

„ 0 = 35 X 20 - 10 X 10 = COO ft.-tons. 

„ D = 35 X 30 ^ 10(20 + 30) = 750 ft.-tons. 

„ E = 35 X 40 - 10(80 4- 20 + 10) = 800 ft.-tons. 

350 

Horizontal boom stress in AB = = 80 tons. 


>} 


99 


99 


99 


99 



CD = 


750 _ 
l)-875 “■ 





99 


Since the horizontal compression in each segment of the upper boom 
is 80 tons, no increment of horizontal stress is applied by the diagonals, 

whence their stress is zero. The outward thrust ot 80 tons in AB 
creates a tension of 80 tons in AP and this stress is passed on unaltered 
throughout the lower boom, since the diagonals do not affect it. The 
stress in each vertical is 8 tons of tension. Finally, the inclined lengths 
of AB, BO, CD and DE are respectively 10*9, 10*4, 10*2 and 10*02 feet, 
whence the direct stresses are 

10-9 

in AB = 80 X = 87*2 tons. 

10*4 

„ BO = 80 X = 83*2 „ 

10’2 

„ CD = 80 X-jy = 81-G „ 

and „ DE = 80 X ^ = 80-16 „ 


It will be noticed the greatest direct stress occurs in AB near the 
snpport, whereas in parallel girders the greatest boom stress is in the 
central panels, and further, that the direct stress in the curved boom 
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being only slightly greater near the ends than at the centre, the cross- 
section adopted for AB may he used throughout the boom with little 



sacrifice of economy, whilst the practical advantage is considerable. 
For the same reason, the parabolic girder is a more economical type 
than the parallel girder, span for span. In a large span, the dead 
weight of the girder creates a considerable proportion of the total B-M. 
In the parallel type the heaviest portions of the booms are near the 
centre, that is, in the most disadvantageous position for creating B.M., 
and therefore stress, in the girder. In the bowstring girder, the weight 
of the booms being practically uniformly distributed, or actually a little 
greater towards the supports, the B.M. and stress due to dead weight is 
relatively less. The bracing of bowstring girders is also usually lighter 
than that of parallel types. 

Stresses in Parabolic Bowstring Girder with TInsymmetrical Load. 
—In Pig. 193, the girder of the previous example is supposed loaded 



with an additional 12 tons at panel points F, G, H and K. 

The reaction at A = J X 14 (upper loads) -f 20(| + f + f + 1) 
+ + f + s) = 1*^ tons, and at S = 118 — G8 = 50 tons. 

B.M. at F = G8 X 10 = G80 ft.-tons. 

„ G = G8 X 20 - 22 X 10 = 1140 ft.-tons. 

„ E = G8 X 30 « 22(20 + 10) = 1380 ft.-tons. 

„ K = G8 X 40 - 22(30 + 20 + 10) = 1400 ft.-tons. 

„ P = 50 X 30 - 10(20 + 10) = 1200 ft.-tons. 

„ Q = 50 X 20 - 10 X 10 = 900 ft.-tons. 

„ R = 50 X 10 = 500 ft.-tons. 

Dividing these bending moments by the depths at the corresponding 
sections, the horizontal boom stresses marked in the figure are obtained. 
At B the horizontal stress of 155*4 tons in AB is not balanced by that 
of 152 tons in BO, therefore the diagonal BG must exert a horizontal 
thrmt of 155*4 —152 = 3*4 tons. Similarly OH and DK are found to 
be in compression to the extent of 4*8 and 7*2 tons respectively. The 
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horizontal thrust of 128 tons in LM increases to 140 tons in EL, so 
that the increment of 140 - 128 = 12 tons must have been applied by 
a horizontal tension of 12 tons in diagonal LK. Similarly 8'0 and 5-7 
tons of tension respectively are found to exist in MP and NQ. These 
horizontal stresses are converted into the corresponding vertical stresses 

as usual, by multiplying them by the ratio, horiS ' ^Wth 


diagonal. 

The stresses in the vertical members then follow. BF obviously 
acts as a suspender for the 20 tons load at F. At G, the load of 20 
tons + the vertical downward thrust of 1*5 tons in BG, together 
produce a tension of 21*5 tons in OG. At II, 20 + 3*0 = 23*G tons 
tension in I)H. At K the downward forces arc 0*8 tons vertical 
thrust in DK + 20 tons load, making 2(>*8 tons, which is partly 
resisted by the vertical tension of 11*3 tons in LK, leaving 20*8 -11*3 
= 15*5 tons tension, in EK. Similarly LP takes 2 tons and MQ, 5*6 
tons of tension, whilst NR simply suspends the 8 tons load at R. The 
direct stresses in the diagonals and upper boom segments are obtained 
as in previous examples and are as follow : — 


upper boom 

Diagonals 

AB = 169’4 tons, compn. 

BG = 3-7 tons, compn. 

BO = 158-8 

OH = C 0 

CD = 150-1 

DK = 9 9 „ 

DE = 140-3 

LK = 10-5 tons, tension. 

EL = 140-3 

MP = 10-0 „ 

LM = 130-5 

NQ = 0-2 

MN = 124-8 


NS = 124-0 



With a single system of diagonals inclined as in Fig. 193, each 
diagonal will be subject to both tension and compression under varying 
positions of the unsymmetrical portion of the load. If the diagonals be 
reversed in direction, then for the same arrangement of loads as in Fig 
193, the horizontal and vertical stresses will bo as indicated in Fig. 194. 



Fio. 194. 


Here, again, the diagonals may be subject to either tension or com- 
pression according to the position of the unsymmetrical load. 

The B.M. at each section is as before and the horizontal stresses in 
the boom segments and diagonals readily follow. 

Stresses in Bowstring Girder with Crossed Diagonals in every 
Panel.— A third arrangement, and one frequently adopted, is to cross- 
brace every panel with flat tie-bars capable of resisting tension only. 
Assuming the same loads and dimensions as in the two previous 
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cases, the horizontal and vertical stresses would then be as indicated 
in Fig. 195. 

In this case the diagonals being incapable of resisting compression, 
become lax under any tendency of the load to create compressive stress 
in them, whilst those diagonals inclined in the opposite direction come 
into action for resisting the tension. Thus, in Pig. 195, the dotted 
diagonals which would suffer compression if of suitable section to resist 
it, are in a state of no stress, whilst the full line diagonals are put in 
tension under the disposition of loads considered. The dotted diagonals, 



of course, come into action when the right-hand portion of the girder 
is the more heavily loaded. It is a mistake to cross-brace every panel 
with two diagonals capable of resisting compression since the bracing is 
then redundant^ and an indeterminate amount of compression exists in 
one diagonal and an indeterminate amount of tension in the other, 
making it impossible to accurately compute the stresses. 

Effect of Uniform Bolling Load on Parabolic Bowstring Girder. — 
In each of the three preceding cases, the first four panel points from the 
left-hand support were supposed loaded with 12 tons over and above 
the symmetrical dead load in Fig. 192. This additional load may be 
regarded as a uniform rolling load which has advanced from the left 
abutment up to the central panel. The maximum horizontal stress in 
the diagonals occurs in KL, Figs. 193 and 195, or in EP, Fig 194, that 
IS, in the diagonal of the panel immediately in advance of the rolling 
load, and is equal to 12 tons of tension or compression according to the 
inclination of the diagonal. If the load be supposed to advance another 
panel so that P now becomes loaded with an additional 12 tons, and a 
similar analysis of the stresses be made, the diagonal MP will be found 
to be the most heavily stressed, and further, the amount of the horizontal 
stress in MP will again be 12 tons. This result is peculiar to the bow- 
string girder of parabolic outline and may be stated as follows. Under 
the action of a uniform rolling load advancing from one abutment, the 
maximum horizontal stress in any diagonal occurs when the head of the 
load reaches the panel in which the diagonal is situated, and the amount 
of the maximum horizontal stress is the same for every diagonal in the 
girder. When the rolling load covers the whole span, the loading is 
again symmetrical and the B.M. at the centre of the span due to 12 tons 
ot rolling load on each lower joint, is then 

= 42 X 40 - 12(30 + 20 + 10) = 960 ft. -tons. 

Dividing this B.M. by the central depth of 10 ft., the horizontal 
boom stress at the centre, due to rolling load covering the span 
= = OC tons. It was shown above that the maximum horizontal 
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Stress in each diagonal, as the rolling load reached it, was 12 tons. 
The number of panels is 8 and ^ = 12 ; or stated generally, the maximum 
horizontal stress in each diagonal 

= Maximum horizontal boom stress when rolling load covers the 
whole span number of panels. 

This relation furnishes a ready method of calculating the maximum 
stresses in the diagonals duo to the passage of a imiform rolling load. 
A strictly mathematical investigation gives the maximum horizontal 
stress in each diagonal 

— Maximum horizontal boom stress 
Number of panels + 1 


The discrepancy is duo to the fact that it is impossible to fully load 
any one panel point with a uniform load without, at the same instant, 
partially loading the next panel point in advance. In the above 
analysis the assumption is made that the panel point at the head of 
the advancing load is fully loaded, whilst the next panel point in 
This could only be effected by a uniform load 
extending from, say, A to B in Fig. 
196, together with a concentrated 


advance is unloaded. 

D 


Fia.^96. 


- load at B equal to half the panel 
length of uniform load, in which 
case B is fully loaded, whilst 0 is 
unloaded. The diagonal BD then suffers its maximum horizontal stress. 
As this represents more closely the practical condition of loading, 
especially in the case of train loads on bridges, where the uniform train 
load is headed by the heavy concentrated axle loads of the engine, the 
results are more nearly correet than if a perfectly uniform load be 
assumed throughout. 

It is common practice to construct the upper boom with an actually 
curved outline. In designing the cross-section of the various segments, 
it should be noted there will be both bending and 
direct stress to provide for. Thus in Fig. 197 the 
calculated direct stress P acts along the straight 
dotted line AB. If the boom be curved, the B M. 
at its centre = P x the case being siinilai* to that 
of a deflected column in compression. Tlie intensity 
of compressive stress is thereby augnumted on the 
under side of the hoom, and slightly relieved on the 
upper side. The weight of the boom segment itself sets up a small 
amount of B.M acting contrarily to that of Vd^ and so tends to equalize 
the stresses at upper and lower faces. Although the employment of 
curved booms is theoretically disadvantageous, the practical advantage 
resulting from greater facility of construction, especially in riveted 
girders, more than compensates. 

Stresses in Inclined Girders. — Girders in inclined positions are 
frequently employed for footbridges, supports for inclined conveyers 
and hoists, and for communication bridges between a quayside and 
floating landing stage. In the latter case the inclination of the girders 
may varj between wide limits due to a considerable tidal range. 



Fig 197 
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Unless the inclination is appreciable the difference between the stresses 
in the inclined position and those obtaining when the girder is hori- 
zontal will not be serious, and most bridge girders on inclines usually 
prevailing on railways may safely be designed as horizontal spans. On 
rack railways the incline may be as steep as 1 in i. The stresses in 
bascule and rolling lift bridges are subject to wide variations between 
the horizontal and raised positions. 



Fig. 198. 


In Fig, 198 suppose the inclined girder AB loaded at each lower 
joint with a vertical load OW. Each vertical load may be resolved 
into a normal component ON and a longitudinal component OL. The 
normal components will create stresses in the members due to traverse 
bending action on the inclined span AB, and will set up normal reactions 
Na and Nb, the values of which will be determined by the magnitude 
and distribution of the normal components of load. The longitudinal 
components will modify the stresses in the lower chord (in this case) and 
will set up longitudinal reactions and Lb, the values of which will 
depend upon the manner in which the girder ends are supported at 
A and B. 

If both A and B are fixed, say by pin bearings on bolted down 
shoes, reactions La and Lr will be indeterminable since a minute difference 
of fit at A or B may bring the whole of the longitudinal loading as a 
thrust against A or as a pull against B. Moreover, the question of 
temperature stresses would be introduced. One end of the girder 
should be allowed to move freely in some pre-determined direction, so 
that the longitudinal reactions may be defined and made automatically 
adjustable. 

Fig. 199 shows the possible methods of support practically avail- 
able. In Fig. 199 a, the lower end A has a fixed pin bearing and the 
upper end B is free to slide or roll in a direction parallel to the girder. 
The reaction Eb is normal to the girder and Ra is drawn through 0, 
the intersection of W and Eb- The magnitudes of Ea and Eb are 
obtainable by the triangle of forces and La the longitudinal component 
of Ea = Wi,. The whole longitudinal loading Wt comes on the lower 
bearing A as a thrust. There is no longitudinal reaction at B, and 
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there will be a uniform augmentation of prmurB through the lower 
chord from B to A, wliich will reduce tho tension due to the normal 
loading to a greater extent in the lower than in the upper panels. It 
is here assumed that the load is applied at the lower panel points or on 
the lower flange in the case of a plate girder. 



In Fig. 199 A is free to move longitudinally and B is a fixed pin 
bearing. Ea is normal and the longitudinal reaction balances the 
whole longitudinal loading Wj, which comes on B as a pull. There is 
thus an augmentation of tension throughout the lower chord from A to 
B which will increase the tension due to the normal loading to a greater 
extent in the upper than in the lower panels. These effects will be 
appreciated in studying Examples 81 b, c, and n. 

In Pig. 199, (j, B is a fixed pin bearing and A is free to slide or roll 
horizontally. Ra is therefore vertical. Na and La are respectively the 
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normal and longitudinal components of Ba* Under symmetrical or 
uniform loading, W passes through the centre of span C and Na = Nb 
= whence La = Lb = and Rb is also vertical and equal to 
Ea and from the geometry of the figure Ra = Eg = 

In Fig. 199, A is fixed and B is free to move horizontally. The 
same relations hold for the reactions. The fixed hearings are pre- 
ferably placed on the immovable support should the other end be on a 
floating stage. 

Fig. 200 shows the case for unsymmetrical loading. The resultant 
load W intersects the span line at P, whence Na • Nb : ; PB : PA. Ra 
and Eb are vertical and therefore La : Lb : : PB : PA. 

Example 31b — L% Fig, 201 AM. reprBmits one main girder of an 
indmed bridge supported as in Fig. 199, c. The girder is hmged at M to 
fixed lea/rings and is supported at A on saddles free to move horizontally 



on a floating pontoon. In its lowest position it is indined 1 vertically to 
4 horizontally. Inclined span lOOfeet. Depth 12/if G ins. Flooring 
and live load supported on lower chord. Panel load 10 tons. Required 
the stresses m the members. 

It will be convenient to suppose each lower joint loaded with 4 tons 
acting normally to the girder and 1 ton acting longitudinally. This 
will correspond to a vertical load at each joint of 's/ll tons. The 
resulting stresses will then require multiplying by 10 -r a/I? = 2*425 
to give those due to a vertical panel load of 10 tons. The normal 
reactions at A and M each equal 18 tons, and the stresses due to these 
and the normal loads of 4 tons are written down as for a horizontal 
girder, leaving out for the moment the lower chord stresses. 

The longitudinal reactions for this method of support will be 4*5 
tons at M acting away from the girder and 4*5 tons at A acting to- 
wards the girder. The lower chord stresses may now be summed up. 
The reaction 4*5 tons at M creates a tension of 4*6 tons in LM. At 
L there is a longitudinal pull to the right of 14*4 tons in LT and 
4*6 tons in LM = 18*9 tons. The 1 ton of longitudinal load at L 
acting to the left balances 1 ton of this, leaving 17*9 tons for the 

s 
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tension in KL* A similar reasoning nfc K, H, etc., deduces the stresses 
as figured. The direct stresses in the diagonals are obtained by multi- 
plying the normal components by 

\JL ^ Thus, direct stress 

in OB = -18 X 1*28 =: - 23*04 tons. 
The stresses shown in Pig. 2^ are 
those due to ii vertical load of ^17 tons 
per imnel Multiplying them all by 

^ 2 * 426 , the stresses due to a 

B nel load of 10 tons are obtained, 
lose are figured in the table on 
p, 260 and side by side with them are 
given the stresses for the same girder 
under the same loading when lifted 
into a horizontal position. The im- 
I)ortant diiferenccs occur, of course, in 
the lower chord. If the load were 
carried on the upper 
joints the upper chord 
segments would he most 
alTcctcd by the inclina- 
tion. Also 111 that case 
the reactions would be 
slightly unequal, since 
the rcHultant load line 
would be nearer A than 
M. 

Kxamplk31o Caseh 
—/V/. 202 shows the out- 
line of a bmujp bridge 
gu (let r(us(>(l to (m inclina- 
tion of 3 veitwal to 1 
lionzontaL i^icppose each 
lower ('/lord joint looded 
wilh 1 ion acting nortmlly 
and 3 tons acMng longiiu- 
dinally to the gmier. This 
corresjtonds with a vertical 
pimel load of aJ\<) tons. 
The sti esses due to the 
normal loads are written 
down in the usual manner 
working from JD to B. 
For stress in BG take 
moments about A. 



Fia. 201. 


Longitudinal component of stress in CB X OA = 1 x 20 (0 + 5 + 
4 4. 3 4. 2 + 1). CA = 40 ft. .*. Longitudinal component of stress in 
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OB = 10-6 tons tension, whence longitudinal component in BA = 4*5 tons 
to balance the 15 tons combined pull in BE and BE. The longitudinal 
stresses in upper chord readily follow. The compression in the lower 
chord is cumulative from D to A. Thus — 

Compn. in DG = 1 (from DK) + 8 (longitudinal load) = 4 tons. 

GH = 4 (from DG) + 2 (from GL) + 3 (load) =: 9 tons. 

„ HM = 9 (from GH) + 8 (from HN) + B (load) = 15 tons, etc. 



Stress in CA. — Normal component of balance weight applied 30 ft. 
from A X 30 = 1 X 20 (6 + 5 + 4 + 3 + 2 + 1). 

whence. Formal component of balance weight = 14 tons, 
and Longitudinal „ „ „ ^ 14 x 3 = 42 tons. 

Actual balance weight = 14 x VlO tons. 
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The lonfritndinal component acts through the trunnions at A and 
does not influence the stress in OA. Consider the normal component. 
The 14 tons at "W is equivalent to x 14 = 10-6 tons at P and ^ 
X 14 = 3'6 tons at A. 

The 10'5 tons at P would create a normal component of 10-6 tons 


Member. 

Girder 

Inclined 

I to 4. 

Girder 

horizontal. 


AB 

+ 10-9 

0 


BO 

- 20-4 

- 30*0 


CD 

- 56*0 

_C 4-0 


DE 

-. 77‘9 

- 84-0 


EF 

-- 91-9 

- 9 G -0 


FG 

- 94-4 

- 90*0 


GH 

- 85-2 

- 84*0 


XIK 

- 68-1 

-G 4 0 


KL 

-43 4 

-SG-O 


LM . 

- 10*9 

0 


OP and XY 

+ 84-9 

+ 86*0 


PQ „ WX 

+ G 21 

+ 64-0 


QR „ YW 

-fSl-S 

+ 84*0 


RS „ UV 

+ 93 2 

+ 9 G -0 


ST „ TU 

+ 97 0 

+ 100 0 



Member. 


OA and YM 


PB 

QO 

IVD 

SB 


XL 

WK 

VH 

UG 


TF 

OB and YL 
PC „ XK 
QD „ WII 
HE „ VG 
SF .. UF 


Girder 
Inclined 
lt0 4. 



Girder 

horizontal. 


+ 45*0 
-h 86;0 
+ 2li-'D 
+ 16-0 
+ 6-0 
+ 0 


TliiB Tal)lo rofors to 
Example 81 b. 


tension in a direct tie PO if inserted, llowevcr the quadrant CAP 
may be constructed, this stress will be transmitted throuf^h it as shear 
and will create a normal pull on CA of 10*5 tons, which together with 
the normal component of 10-5 tons in OB (013 being inclined 45°) 
causes a compression of 21 tons in OA. 



Fig. m 


Stress in PA.— The direct stress in PA is given by the difference 
between the longitudinal component of the balance weight, 42 tons, 
which in this position tends to stretch PA and the longitudinal com- 
ponent of 10*5 tons in the virtual tie PO which tends to compress PA. 

Hence, longitudinal stress in PA = 42 - 10*5 = 3P5 tons tension. 
PA is also subject to bending stress duo to the balance weight being 
distributed over part of its length. 
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Pressure on Trunnion Bearings at A.— Normal pressure = 21 tons 
pressure from OA + 3| tons (share of balance weight) - 4-5 tons 
(normal upward pull in AB) = 20 tons. This checks with (6x1) 
+ 14 = 20 tons total normal load on girder. Longitudinal pressure 
= 33 tons from QA - 4-5 tons (longitudinal upward pull in AB) 
+ 31-5 tons (downward pull in AP) = 60 tons. This checks with 
(6 X 3) + 42 = 60 tons total longitudinaMoad on girder. Vertical 
resultant pressure on bearings = 20 x ^10 = 63-25 tons. If there 
should be a panel load at A it should be added, but such load would not 
affect the stresses in the girder. 

Case 2, — Fig. 203 shows the stresses in the girder when just 
attaining the horizontal position but before the end D is actually in 
contact with the abutment. 

The girder is now acting as a horizontal cantilever. The evaluation 
of the stresses will be readily made if the reasoning of the last case has 
been carefully followed. 

Case 3.— Fig. 204 shows the stresses in the girder when the end D 
is resting on the abutment and the stress in OB relieved by blocking up 



the quadrant and balance weight. ABKD is then acting as a simply 
supported span carrying dead load. 

The stresses in the above three cases are the dead load stresses for a 
panel dead load of tons. For any_other panel load to tons, these 
stresses will be multiplied by {lo V^IO). If additional live load b 
imposed at each panel point, the live load stresses will be those set up 
in the simply supported girder ABKD and the resultant stresses will be 
the algebraic sum of the live load stresses and the dead load stresses of 
Case 2, if the balance weight is freely acting on the tail end, or the 
sum of the live load stresses and the dead load stresses of Case 3 if the 
balance arm is blocked up until the stress in OB is zero. 

The resultant dead load in the above cases passes through^ the 
trunnion axis, so that when lowered with balance weight free the girder 
is still delicately balanced and the minimum of power is required to 
rotate it. The line of action of the resultant dead load may be arranged 
to fall a short distance to the right of A, so that a small pressure is 
exerted on D when the bridge is lowered. This increases the power 
required for operating but prevents chattering as the live load rolls on 
and off at I). 
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Example ^lo.—Fig. 205 rejiimmis tU ovtiim of an inelmed elevator 
gwder for rmmg material from the loot 0 and deliver ing to a hopper or 
conveyer at T). Tnelination 2 vertical to 8 horizontal. The girder is sup- 
ported on Ji'xed }nn learings at H and horizonlallg rollieig or slidi^ 
hearings at A. 

Suppose eiicli lower joiut, Pify. 206, loiided with a normal load of 
3 tons and a lon^udinal load of 2 tone, corresponding with a vertical 
panel load of \/"l3 tons. Resultant load W = 14Vi3 tons. The line 
of action of W divides the distance between supports in the ratio of 9 
to 7. Hence Ra = fii W = 22‘05 tons and Rn = fgW = 28-35_tons. 
Total normal load = 14 x 3 = 42 tons. Normal reaction at A* = 

X 42 = 18|tous. Normal reaction atB = ^ x 42 == 23§ tons. Total 



longitudinal load = 14 X 2 = 28 tons. Longitudinal reaction at A 
= ^ X 28 = 12^ tons and longitudinal reaction at H = ^ X 2H = 1.5| 
tons. 

In Fig. 200 the normal stress components due to the normal loading 
are first "written doT,vn and converted into the corresponding longi- 
tudinal components, which for diagonals inclined at 45° aie equal. 
From these the chord stresses are summed up in the usual manner. 
Fig. 206 shows the resulting stresses. For any other panel load w tons 
these stresses will be multiplied by (w 13). In designing a girder 
of this tpe a reasonable allowance should be made for the longitudinal 
tension in the elevator chains or belt which will apply additional com- 
pression throughout the loaded chord. 

Design for Lattice Crane Girder. — The preceding methods will now 
be applied for obtaining the maxima stresses in the members of the 
lattice crane girder shown in outline in Fig. 207, and in detail in 
Fig. 208. Lattice girders for travelling cranes are usually of the 
Warren type with intermediate verticals for reducing the panel spans 
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of the upper hoom over which the crab travels, and which are therefore 
subject to l)ending_ moment in addition to direct compression. In this 
example, the span ia 46 ft. (I in., dci)th of girder f) ft., and breadth of 
panels 5 ft. The useful crane load is 70 tons, weight of crab assumed 
as 18 tons, and weight of each main girder 10 tons, of which 1 ton is 
apportioned to each upper joint, the remaining 1 ton being divided 
between the end supports, and consequently not appearing in the 



Pki. 207 . 


calculations for the stresses in the lattice members, since it does not 
contribute to the bending moment. 'I'ho distance iKjtween centres of 
crab axles is 10 ft. The load lifted will bo doubled and treated as 
e(iuivalent dead load. Then equivalent crab load = 70 x 2 + 18 
s= 158 tons, = 80'r), say 40 tons pr wheel. It should bo noted 
that by doubling the crane load an outside allowance is made for shock 
due to possible slipping of the tackle, and in designing the sectional 
areas of members a relatively high working stress may be taken. 

The following table shows the stresses Ciiused by jdacing the crab 
in five dilTerent positions ; first, with the left-hand axle over point A, 
and right-hand axle over I), afterwards moving it 5 ft. at a time, so 
that the left-hand axle comes successively over (i, T), K, and G. The 
transit over the right-hand half of the span will give rise to similar 
stresses in corresponding members, and need not be treated. As the 
method of calculation for each position is a repetition of the one before, 
it is here stated for one position only of the load, namely, when the 
left-hand axle is at D, and right-hand axle at G. 

Stmihhus itr Mkmbhub op Ijattioh Ouank Gibdkr. 


Jllroct stioHH whon Iclt-hand axlp of ciab Ih at, 


Member 


— 





A 

C 

1) 

F 

<} 

XA 

+ 82-0 

+ 72 3 

+ 02-3 

+ n2-2 

+ 20 7 

AD 

+ 74-4 

+1007 

-f 86-0 

+ 72 4 

+ 68-2 

va 

+ 90*0 

+139-1 

+147 8 

+iS6‘4 

+125-0 

XB 

- 67'3 

- 68-5 

- 60-0 

- 41-9 

- 88 9 

BE 

-102 7 

-120-4 

-1377 

-114 9 

- 92-1 

EH 

- 76-3 

-llC-8 

-16G-9 

-15G-9 


AB 

- 16-5 

- 63-2 

- 54-8 

- 40-3 

- 86-2 

BD 

+ 39 9 

■+■27 8 

+ 72'I 

+ C9 9 

+ 478 

DE 

+ 17 9 

- 20-4 

- 14-3 

- SB’S 

— 40-4 

Ea 

- 19 3 

- 816 

+ 12-8 

+ 0-7 

+ 45^0 

BO 

+ 1-0 

-1- 4^ 0 

+ 1*0 

+ 10 

+ 1-0 

EE 

+ 1-0 

■f 410 

+ 1-0 

+ 41*0 

+ I'O 
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Reaction at X = 40 + 4^ = 58-1 ton& 

B.M. at A = 53’1 X 8J = 172’6 ft.-tons. 

Vertical depth of girder at A = 8-59 ft. 

172'6 

/. Horizontal stress in XA or XB = = 48*1 tons. 

Vertical stress in XB = 48*1 x ff" = 18*6 tons tension, 28 in. and 
99 in. being respectively the vertical height and horizontal length of 
XB. Since the downward vertical pnll in XB and thrust in XA 
together make up the reaction of 53*1 tons, vertical conapression in 
XA = 58-1 - 13-0 = 89*5 tons. 

Writing these vortical stresses against XB and XA^ pig. 207, the 
remaining vertical stresses for this position of the load are easily 
written down. Thus, at A, 1 ton of the vertical compression of 
39*5 tons in XA is due to the dead load at A, leaving a vertical tension 
of 88*5 tons to be applied by AB. The 1 ton of dead load at 0 is 
transmitted down CB as compression, so that at B there is an uplift 
of 38*5 + 18*6, exerted by ties AB and XB, = 52*1 tons - 1 ton due 
to the thrust in BO, giving 51*1 tons as the vertical down-thrust or 
compression in BD. At D the 41 tons of load creates 41 of the 511 
tons compression in BD, whence the remaining 101 tons is due to the 
vertical tension in DE. The other vertical stresses will be readily 
followed, care being taken not to omit the loads transmitted down the 
intermediate verticals from top to bottom joints. The stresses beyond 
G are not required for insertion in the table, but are followed through 
in order to check with the reaction at Y. On arriving at L, the 
vertical thrust of 33 0 tons in KL + 1 ton in LM = 34*9 tons. This 
represents the comJbimd vertical tensions in LN and LY. The separate 
tensions in these members are not required, as they will not be the 
maxima stresses. They may be found, if desired, from the B.M. at N 
m a similar manner as adopted for the stresses in XB and XA. Adding 
the last 1 ton load at N, the pressure on Y = 84 9 + I'O ~ 36 9 tons. 
The total load on girder = 89 tons, and reaction at Y = 89 - reaction 
at X = 89 — 63*1 = 35*9 tons, which of course agrees with the 35*9 
tons pressure applied by members NY and LY. The inclination of 
the lattice bars, excepting XA and XB, is 45°, and the horizontal 
stresses equal the vertical stresses for bars AB, BD, DE, and EG. The 
horizontal stress in XB and XA has already been calculated, and equals 
48*1 tons. Prom the horizontal stresses the flange stresses are readily 
computed, and finally, the direct stresses for the inclined members are 
obtained in the usual way. 

Direct stress in XB = 48*1 x = 50 tons, 

50* V' 

„ XA = 48*1 X -ggr = 82*3 tons, 

103 in. and 50*5 m. being the inclined lengths of XB and XA 
respectively. The direct stresses in AB, BD, DE, and EG = horizontal 
stresses x //2. The direct stresses are entered in column D of the 
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table, and the stresses duo to the other })ositions of the crab beine 
similarlj caloalated iiiid iiisertod, tiho maxima stresses are indioated 
by the %uro 8 in heavy tyi)e. 

Fig. 20 H shows the sections luloptod, and general arrangement of 
the girder. The upper boom from 0 to (! eousists of one horizontal 
plate 1C" X S" two vei’tical channels !)" x :tj" 2 r>‘ 8 !) lbs., and two 
vertical plates 7i" x ^ to the end of the girder the two 

vertical plates are suppressed. The 0.(1. of the section is 8'7 in. from 
the upper surface, moment of inertia = -ISlg'-t, and modulus of section 

for compressivo stress at upper surface therefore = ss I 85 . The 

o 7 

segments of the upper boom act us beams when Lho rolling load travels 
over them, and aro subject to bending stress in addition to the direct 
compression indicated in the tabic. With 40 tons midway between two 

40 X 

panel points, the IbM. = - =50 foot - tons = GOO inch -tons. 

This, it will bo noted, is an outsido estimate, since the continuity of 
the upper boom will tend to dinunish the B.M., which is here calculated 
as for a simply supported span of 5 ft. 

Therefore compressive stress due to bonding only = fl}}j = 4*45 tons 
per square inch. 

Total sectional area = Ji sq. in. Maximum direct compression in 
segment DG (from table) == 15G*4 tons. Hence direct compression per 

sq. in. = = 4*50 tons, and total compressivo stress per square inch 

at upper edge of section due to bending and direct compression = 4*45 
+ 4*50 = 9*01 tons. Itememhering that the rolling crane load was 
originally doubled, this stress represents the outside maximum which 
may occur under a sudden shock, due to a possible slip of tackle whilst 
slinging the load. Under normal working conditions the maximum 
compression in the top boom will not exceed 5 to 5 J tons per S(]uarG inch. 
The oom])resaiou members ben^ are all relatively “ short columns,’* and 
no reduction in working stress is nccc*Hsary on the score of slendorncss. 

The lower boom consists of two vertical plates 8 " x § ", two 
angles 7" x 8 ^" x 17*81 lbs. with 7 in. leg vertical, and two horizontal 
plates 3^" X i". Sectional area = 24 sip in. Maximum stress 

150*1) 

= 150*9 tons in Ell, and maximum stress per wp in. = = 8*7 

tons, after deducting 6 sip in. for Bi.x J in- rivets — four in the vertical 
and two in the horizontal portion of the boom. Each vertical member 
suffers 41 tons of compression as an axle passes over it. These consist 
of two 7" X 3" X 17*50 lbs. channels, bac.k to back. Sectional area 

= 10 * B 2 . Maximum working stress = i-rrri = say 4 tons per square 

inch. Diagonal EG has the same section as the verticals. Its maximum 
stresses are 45 tons compression and 31*5 tons tension, and maximum 
45 

working stress = = 4*4 tons per square inch compression. Diagonals 

AB, BD, and DE all have the same section, consisting of two 7" x 3" 
channels, with one 7" x i" plate between. Maximum stress in 
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AB = 63‘2 tons tension. Q-ross sectional area = 13'82 sq. in., and 
deducting, say, 5 rivet holes, four through gnssct plates and one 
through webs of channels and sandwich plate, nett sectional 

C3"2 

area = 11 sq. in., giving a maximum working stress = -jj- = 6-8 tons 

per square inch. luBI) maximum compression =72‘1 tons, and maximum 
72*1 

working stress = = 5-8 tons per square inch. DE,withamaximum 


tension of fiS-S tons, is obviously of ample section. In XB the vertical 
angles and horizontal plates only are carried through, the two 8" x 
vertical plates being suppressed on the left of joint B. The maximum 
tension is C7‘3 tons. 'I’he gross section is 14 sq. in., and deducting 6 
rivet holes, nett section = 10'5 sq. in. Maximum working stress 
G7*»5 

= rrrr = 6*4 tons pGt squaiG iiicli. The short strut XAis enclosed between 


two deep f in. gusset plates, to which it is riveted throughout its length. 
A considerable proportion of its stress will therefore be transmitted by 
the gnsset plates. Its maximum stress is tons. The strut, apart 
from the gussets, consists of two 7" x 8" channels, having a sectional 
area of 10*32 sq. in. As sufficticut rivets are provided to pass quite half 
the stress to the gussets this section will be ample. The riveted 
connections have been designed on a l)asis of 3 tons single shearing 
resistance per J in. rivet, and a maxiniuin bearing stress of 10 tons per 
square inch. All gussets are f in. thick. On the cross-section a light gantry 
is shown on the right-hand side, carried by a lattice girder 2 ft. G in. 
deep, bracketed out from the main girder. 

Practical Arrangement of Details of Lattice Girders.—Fig. 209 



illustrates sections most commonly employed for the booms of lattice 
girders. 

Sections A and B are used for the flanges of light girders in roof 
construction, or for parapet girders having webs of closely spaced 
intersecting flat bars. These girders are now practically obsolete for 
large spans. 0 is the usual flange section for girders of medium length. 
The bracing consists of flats, channels, angles, or tees riveted on either 
side of the vertical web plate P. The compression booms of large span 
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girders are generally of section E, the nrunber of vertical and horizontal 
plates being increased according to the sectional area required. Section 
D is occasionally employed for the compression boom m light girders, 
the channels being laced together top and bottom. Eor the tension 
boom any of the above forms inverted may be used, whilst section F, 
consisting of vertical plates with or without the dotted angles, is very 
generally employed, and possesses the advantage of not accumulating 
dirt as does the trough section B The tension booms of pin-jointed 
trusses consist of several flat eye-bars placed side by side as in Fig. 
214. The bracing bars of lattice girders are of flat section in the 
case of ties, and angle, tee, or channel section for the struts of small 
girders. In larger girders the sfcruts may be of rolled beam section, or 
any of the column sections indicated in types 1, 7, 10, and 11, Chapter 
V. Type 10 is most commonly employed in English practice, whilst in 
pin-jomted girders of American design the struts are almost invariably 
formed of two channels laced together as in Fig. 214. 

Fig. 210 shows-the usual arrangement of details adopted in English 
practice for riveted main girders of bridges. The figure shows the 
elevation and cross-section of one panel of a main girder for a double- 
line railway bridge of a type suitable for spans of from 120 ft. to 150 
ft. The upper boom A is of trough section similar to Fig. 209, B, a 
joint being indicated at J. This joint is a full butt, with internal and 
external covers to both horizontal and vertical plates. An alternative 
arrangement is to make the horizontal and vertical plates break joint, 
which however makes the work more difficult to handle in the shop. 
The under side of the boom is laced as shown at L, and the boom 
is stiffened transversely by plate diaphragms d, d. The lower boom B 
consists of two parcels of vertical plates, the arrangement of a joint in 
this boom being indicated at P. One or two plate diaphragms similar 
to d in Fig. 209, F, are usually inserted m each panel, whilst angles as 
shown dotted in Fig. 209, F, are often provided. If the girder be 
finished with a vertical end post, these angles are necessary in the end 
panels to allow of the vertical plates being laced together m order to 
resist longitudinal compression due to application of brakes. The 
vertical struts V are of four angles, back to back, with flat lacing bars. 
The ties T are of two or four flats, according to the section required, 
and are here shown butt- jointed to the gussets with double covers 
This joint is often lapped, but the butt joint is preferable. The 
riveting should be arranged with one rivet only on the leading section 
of the tie-bar, to avoid weakening the tie by more than one rivet 
hole. The cross-girders G are attached to the lower ends of the 
verticals V, which pass through the lower boom and carry a pair of 
suspension plates S, between which the web of the cross-girder is 
riveted. The vertical angles forming the strut are also carried through 
and riveted to the cross-girder web. This is probably the most 
desirable method of attachment of cross-girders, and its adoption is a 
strong argument in favour of the open type of lower boom. Other 
advantages are that the centre of gravity of cross-section is at the centre 
of depth, and the boom does not accumulate dirt and water. In Fig. 
209 the centres of gravity of the various boom sections are indicated at 
It is important in setting out the skeleton lines intended as the 
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axes of the members of a lattice gii-der that these linos intersect at the 
centres of gravity of cross-section of the members, otherwise secondary 
bending stresses will be set up in the region of the joints. In Fig. 210 
the chain dotted line sb-o!, drawn on the upper boom in elevation, is 



projected from the c.g. of the boom section, indicated by the small 
oime on the cross-section. This line is sometimes referred to as the 
gravOy lm or grav%ty am of the boom, and it will be seen that the 
centre lines or ^es of the ties and struts all intersect on this line. The 

111 larger girders with double systems of bracing are 
similar to those just mentioned. 

Fig. 211 shows a vertical section through the end post or strut of 


Fig. 210. 
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a girder similar in type to that of Pig. 210. The end post P consists 
of two side plates, one transverse plate, and eight angles arranged as 
indicated on the horizontal cross-section. The upper boom may be 
either lap- or bntt-]omted to the end post. It is here shown lap-jointed, 
and theeim tie T is connected to gusset plates Q-, packing being required 
as shown by the dotted shading. The two vertical plates of the Jower 
boom B are riveted to the lower end of the post P, and laced together 
top and bottom by lacing bars L, L, for the length of the first panel of 
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the girder. The lower end of the end post carries a base or MsUr 
plate, which is bolted to the upper casting C of the deflection bearing. 
The inner and outer faces of the end post are covered by end plates E, 
having hand-holes H for convenience of painting the interior. 

End Bearings for Girders.— Girders exceeding 70 feet span should 
he provided with pin and roller bearings to allow of free deflection and 
expansion and contraction under changes of temperature. The usual 
arrangement is a combined roller and pin hearing B, Fig. 212, beneath 




272 STRUCTURAL ENGINEERINQ 

«r,/> PT,«l and some form of pin bearing P, under the other end of the 

J i jr- ' - ' " ' HH =iii°ii common typos. In Fig. 211 the 

:^r W y^f // girder is carried on two steel cast- 

o \\ j , I \// “ ings 0 and 1), having niaehined 

Nf^ , 1 yy - J concave and convex surfaces re- 

g F spectively. In Fig. 2I.'i, which 

a® ' ' is the more usnal type employed 

^ ^ in English practice, the npper 

^ Fia 212 casting 0 bears on a steel pin 

carried by the intermediate casting 
D, which transmits the load to the nest of rollers R, these again resting 
on a lower casting L. The rollers should not be less than 4 in. 
diameter, and vary from 4 in. to 12 in. The safe load on rollers may 







Fio. 213. 

be 1000 lbs. per lineal inch of bearing between rollers and castings. 
Hence, a bearing having, say, eight rollers of 9 in. diameter and 12 ft. 
long, may be safely loaded with — 

^ tons. 

2240 

The lower casting should be at least the same depth as the rollers, 
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and its base area increased if necessary to distribute the pressure over 
a suitable area of masonry. The pressure between lower bed-plate and 
masonry should not exceed 400 lbs. per square inch. Built-up pedestals 
are sometimes employed instead of castings, but the riveting is usually 
cramped and difficult. The rollers are carried in a pair of light bar 
frames, and either the rollers or castings are flanged to prevent lateral 
movement. 

Girders of less than 70 ft. span should have a steel bolster plate not 
less than | in. thick, or a casting 2 in. to 3 in. thick attached to the 
lower flange under the end of the girder, such bolster or casting sliding 
on a second cast bsd-plate bolted to the masonry. One end only of 
the girder is free to slide, the other end being suitably prevented from 
moving longitudinally by a flange or stop on the bed-plate or by sub- 
stantial bolts. 

Fig. 213 also shows the detail of plating at the end of a bowstring 
girder of 200 ft. span. The construction is clearly indicated, and calls 
for no special remark. 

Fig. 214 shows the detailed arrangement of one panel of a pin- 
connected truss of 160 ft. span. The upper boom A consists of two 
vertical plates and four angles laced together at upper and lower faces. 
The lower boom consists of eye-bars E, the number and sectional area 
being proportioned to the stress in each panel. The diagonal ties T 
are also eye-bars, two or four being employed as required. The members 
meeting at each panel point are assembled on a steel pin, the diameter 
varying from 4 in. or 5 in. in small spans, to 9 in. or 10 in. in large 
spans. Joints J in the upper boom are usually placed near the pin 
instead of at centre of panel. The vertical struts V', V, in girders of 
moderate span consist usually of two channels laced together on inner 
faces. A horizontal section through strut Y is shown at S, from which 
the assemblage of the members meeting on the lower pm P will be 
readily traced. The right-hand view is an end elevation and part 
vertical section through strut V, and shows the connection of a cross- 
girder G to the inner face of the strut, as well as the overhead transverse 
or Hwaij bracing B. A diaphragm plate D is inserted in the plane of 
the web of the cross-girder between the two channels forming the strut 
V. The panel width, here 20 ft., being considerable, the cross-girders 
are much more heavily loaded than when spaced at 7 ft. or 8 ft , and 
require a correspondingly greater depth. They are cut away at X to 
clear the pin end and internal eye-bars of the lower boom. This 
necessitates the employment of a hitch plate H, which is riveted to the 
U-plate fitted between the lower ends of the channels of strut V. The 
hitch plate is required to resist the tendency of the horizontal diagonal 
wind braces to bend the lower end of the strub inwards. These wind 
braces are omitted in the figure, but are attached to the hitch plate, 
which is so shaped as to form a junction plate or gusset for the 
horizontal wind ties. A similar arrangement obtains at Y, where the 
sway bracing B is cut away to clear the upper boom. The upper system 
of horizontal wind braces are attached to the upper boom. The use of 
pin connections obviously modifies the section of boom which may be 
adopted. The upper boom plates bear edgewise on the pins, and in 
order to obtain sufficient bearing area, a considerable portion of the 

T 
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upper boom section is made up of vertically disposed plates, especially 
in the case of very large girders. Eig. 209, G-, shows the section of 
the upper boom of the 439 ft. 9^ in. spans of the Bellefontaine bridge,^ 
which in the central panel is made up of one horizontal plate 43" x i", 
two vertical inside plates 25^" x two vertical outside plates 
25:1" X plates 12" x eight angles 6" x 4" x | , and 

four horizontal flats 4" x 1". The pins are 9 in. diameter, so that 
this disposition of plating gives 56 J sq. in. of hearing area on the 
pin. Further consideration of pin-jointed trasses is beyond the scope 
of this work, but a comparison of Figs. 210 and 214 will illustrate the 
noticeable differences in detailed design of pin-jointed and riveted 
girders. 

Fig. 215 shows the construction of a lattice girder such as commonly 
used for foot-bridges over railway tracks. The boom sections are 



Fig. 215. 

similar to Fig. 209, 0, whilst the bracing consists of flat bars F, 
riveted at the intersections with washers for packing. Angle, tee, or 
channel stiffeners S are riveted to the web bracing and fitted well up 
to the flanges at suitable intervals. Parapet girders of deck bridges 
in open country are usually of this type. For bridges over town streets 
open-work parapet girders are generally prohibited. 

* Wngineering, Sept. 20, 1895. 





CHAPTER VIIL 

INFLUENCE LINES. 

Aw influence line or diagram may be defined as a line or diagram 
plotted usually on a horizontal Dase line, the ordinates of which 
indicate the extent to which a reaction, shear, moment or stress in a 
member of a girder is affected or influenced during the passage of a 
concentrated rolling load across a span. 

If it be desired to estimate exactly the stresses caused by a system 
of concentrated loads such as the axle loadsi of a locomotive, in the 
members of a girder, instead of replacing the axle loads by an equivalent 
distributed lorn, the method of influence linos may bo adopted which 
considerably reduces the labour of calculation. Some of tno simpler 
and more generally useful cases of influence lines will now be 
considered. 

Influence Line of Reaction. — The simplest example of an influence 
line is that for finding the reaction at either end of a simply supported 
span. 



In Pig. 216 let AB represent a 40-ft. span. Suppose a concentrated 
load of one ton to, roll from A to B. When just entering the span at 
A the whole weight is borne by the abutment A. Set up AO to 
represpt one ton to any convenient scale. When the load is at D, 
^ ton is borne by A and J ton by B. When at E, | ton is the reaction 
at A and when at F, = | ton. On reaching B the reaction at A is 
zero. It is obvious the ordinates at D, B, and F represent |, and I 
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ton to the scale of AO. The line OB is the reaction influence line 
for the support A. Similarly making BO = 1 ton, the dotted ordinates 
at E, and F indicate the reactions at B vhen the load occupies 
those successive positions. AG is the reaction influence line for 
support B. 

If instead of 1 ton,_ a load of 5, 8, or 12 tons traverses the span, the 
reactions will be five, eight, or twelve times the value of the respective 
ordinates scaled from the unit diagram. Thus the reaction at A due 
to 12 tons at W = f X 12 = 7*5 tons. If several .axle loads at fixed 
distances apart traverse the span the reaction at A or B fe readily 
obtained for any desired position of the loads. 



Fig. 217. 


In Fig. 217 the axle loads of an Atlantic locomotive and tender 
arc shown on a 100-ft. span with the leading bogie axle 10 feet from A. 
Scaling off the ordinates, reaction at A = (8 x 0'90) + (8 X 0’84) + 
(20 X 0-78) + (18 X 0-71) + (12 X 0-63) + (H X 0-54) + (14 X 0-48) 
X (14 X 0'41) = G8'26 tons. Total load = 105 tons, whence Eb = 
105 - 68 26 = 30-74 tons. 

Maximum Bolling Load Beaetion on a Cross-girder.— The maxi- 
mum rolling load on a cross-girder due to the worst position of axle 
loads on the longitudinal girders in the adjacent panels, is quickly 
obtained from the reaction influence line. 



In Fig. 218 let A, B, and 0 be three consecutive cross-girders 
15 feet apart, and suppose the given axle loads to roll over the span 
from A to C. Make BD = 1 ton. AD is the reaction influence line 
for the support B of span AB, and CD the reaction influence line for 
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support B of spau BO. Placing the load P at B and the other loads 
in toeir resulting positions shown by full lines, reaction at B 
= 16 X 1 = IG'OO tons, due to load at B 

+ 18 x 06 = 10-80) 

+ 17 X 0-13 = 2-27j ” 

+ 8 X 0-67 = 5-36) 

+ 8 X 0-26 = 2-133 ” 


Eb = 36-56 tons 

It is possible that a greater reaction at D may result if the loads 
be moved to the right until axle Q arrives at B. The loads are then in 
the positions shown ^ the dotted lines, the leading 8 tons load having 
rolled off the span BCf. Eb then 

= 18 X 1 = 18-00 tons due to load at B 

+ 17x0-63= 9-01 „ „ „ onAB 

■ I-** 


Eb = 38-74 ions 

It is evident the second value must be the maximum, since if the 
load S be advanced to B a much greater reduction of the reaction due 
to loads P and Q will take place than may be balanced by the increase 
of reaction due to S. Hence the axle Q must be placed over cross- 
girder B to give the maximum reaction. It should be noted that one 
of the loads must be placed at B to give the maximum value. If the 
loads be arrested in some intermediate position, then on moving the 
group to right or left of that position, either an increase or decrease of 
reaction will take place, and such iucreasc or decrease will continue until 
^ load arrives under the highest point D of the influence line. It is 
further unnecessary to try different positions at random. The position 
which gives the maximum reaction may be readily located as follows. 
The slope of line AD determines the rate at which the ordiniitcH 
iyurease over the span AB, and the slope of DO determines the rale at 
which the ordinates decrease over the span BO, for a movement of 
loads from left to right. In this case the slopes A I) and DC arc ccjual 
since the spans are equal. Hence if two equal connected loads on 
opposite sides of BD bo moved either to right or left, the increase of 
reaction due to one will be exactly balanced by the decrease due to tlie 
other, since each moves through the same distance. But if a greater 
load be approaching B whilst a less load is receding from B there will 
he a net increase of reaction at B for this direction of motion. 

Hence if P be supposed at B and a slight movement of the group 
of loads takes place towards the right, the loads become separated 
into two groups, Fig. 219, one of 32 tons gross moving under 1)0 and 
tending to decrease Eb, and the other of 36 tons gross moving under 
AD and tending to increase Eb. Since the rate of increase per unit of 
load equals in this case the rate of decrease, the net result of a left to 
right movement will be an increase in the reaction. Continuing the 
inovement until Q arrives at B a still further slight movement to the 
right may be imagined in order to ascertain if the reaction will continue 


loads on AB 


BO 
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to increase after Q has passed the point B. The right-hand group of 
loads influencing the decrease now totals 18 -f- 16 8 = 42 tons (the 

leading 8 tons having now rolled off the span), whilst the left-hand 
group influencing the increase comprises only the 17 tons load. The 


D 



Pig. 219. 


result of moving Q to the right of B is therefore to cause a decrease in 
the reaction, and evidently Q must be arrested at B for the position of 
maximum reaction. 

Influence Line of Bending Moment.— The reader should carefully 
appreciate the following theorem before proceeding to influence linBa 
for moments. 


D 



In Fig. 220 let AB be anv span. Place a load of 1 ton at any 
point P. 

BP BP 

Reaction at A due to 1 ton atP = — x 1= ton. Bending 

AB AB ® 

BP 

moment at P due to 1 ton at P = x AP ft.-tons. 

AB 

BP 

Make X AP. Then ACB is the bending moment diagram 

for a load of 1 ton at P. 

Now place another load of 1 ton at any other point Q. Reaction at 

bq.,,_bq 


A due to 1 ton at Q = ^ X 1 = ^ ton. 


BO 

Bending moment at Q due to 1 ton at Q = ^ ft.-tons. 
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AB 

Then ADB is the bending nnoment diagram for a load of 1 ton at 
Q. Consider the section at P, There is here a bending moment OP 
due to the 1 ton load at P + an additional bending moment EP due to 
the 1 ton load at Q. It may be proved that the intercept PQ of the 
ordinate through Q on the original diagram AOB is equal to EP. In 
other words, the total bending moment at any section P = the moment 
at P due to the load at P + the ordinate at Q to the bending jajment 
diftOTftm of P^ For loads other than 1 ton, the'brdintJEes are multTpUel 
by their re^cctive loads. 

Ts prove FQ = EP. 

„ . , EP 1)Q TJT, AP BQ 

From similar tnangles Jp = Jtj. = AQ ^ = AQ ^ AB 

X AQ, = (substituting value of D(i from above). 

Again from similar triangles ^ ^ X CP = jjp X ^ 

AP y BQ 

X AP = — — ~ (substituting value of CP from above), whence 
PQ = EP. 

ACB is called the Influence Line of Moments for section P. 

Bending Moment at any Section of a Girder due to a Group of 
Axle Loads in any Position.— In Fig. 221 let AB be a 5()-ft. span, 
Eequired the bending moment at a section P, 2() ft. from A, due to the 
given loads in the position indicated 


c 



Place 1 ton at P. = fa - o-6 ton. 

Bending moment at P due to 1 ton at P = 0-6 x 2o' =12 ft.-ton6. 
Make PC = 12 ft.-tons to scale. ACB is the influence line of moments 
for section P. Theignred heights of the ordinates give the bending 
moments in ft.-tons at P due to a 1 ton load at each of the five 
posMons. Multiplying the ordinates by the loads, the total moment 
at P « (8 X 8-4) + (8 X 12) + (16 X 10) + (18 X 7'6) + (17 X 4-8) 
= ft-tons. 
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Position of Loads for Maximum Bending Moment at any 
Section.— In the last example, to determine the position of the loads 
for maximum bending moment at section P and the value of the 
maximum moment. 

Slopeof AO=J|=0-6. Slope of BC = ^ = OA. Hence relative 
slopes of AO and BO are as 3 to 2. 

starting from the position shown in Fig. 221 let the loads be moved 
slightly to the left. The ordinates of the two 8 tons loads will decrease 
at the relative rate 3, whilst the ordinates of the 16, 18, and 17 tons 
loads will increase at the relative rate 2. Hence, 

Total relative decrease of moment = (8 + 8) x 8 = 48 
„ „ increase „ = (16 + 18 -h 17) X 2 = 102 

A movement of the group towards A will therefore cause a net increase 
of moment at P. Advance the 16 tons load to P and imagine a slight 
further movement to the left. The loads 8, 8, and 16 tons are now 
moving under the slope AO and are influencing a decrease of moment 
at P at the relative rate 3, whilst the 18 and 17 tons loads are in- 
fluencing an increase of moment at P at the relative rate 2. 

Total relative decrease of moment = (8 -|- 8 -f 16) x 3 = 96. 

„ „ increase „ = (18 -1- 17) X 2 = 70. 

Thus a further movement of the 16 tons load beyond P towards A 
will cause a net decrease of moment at P. The position for maximum 
moment at P is therefore when the 16 tons load is at P. Drawing the 
new ordinates (dotted) for the remaining loads when the 16 tons load 
is at P and scaling off their lengths, the maximum bending moment at 
section P = (8 X r)-4) -h (8 x !)) + (16 X 12) -|- (18 X 9-6) + (17 X 
C-8) = 595-6 ft.-toiis. 

Note. — If these loads are able to traverse the span in the reverse 
order, as, for example, after having been rotated on a turn-table, it will 


c 
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be found that the 18 tons load at P will give the maximum moment 
at P and its value will then be 604-6 ft.-tons. 

Bending Moment at any Section due to advancing Distributed 
Load. — A. uniformly distributed load may be regarded as an infinitely 
large number of concentrated loads so close together that their 
ordinates coalesce and constitute an area. The bending moment due 
to a distributed load is then measured by the area of the portion of 
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tie influence diagranj vertically over the load. In Fig. 222 let AB be 
a span of 60 feet, and suppose a distributed load of _2 tons per foot run 
to advance from A towards B. Consider the section P, 24 feet from 
A. Construct the influence diagram for section P as before, by placing 
1 ton at P. Ea = ton and bending moment at P = p x 24 
= 14’4 ft.-ton& Make PC = 14‘4. 

Suppose the distributed load to have advanced to 1), say 16 feet fyom 
A. The bending moment at P due to this position of the load = area 
ADB X load intensity = ^AD x DE X 2. Tlio area must bo computed 
in the proper units. DE is measured to the scale of PC and AD to the 
scale of the span AB. The resulting product of JAl) xDE will be 
the bending moment at P due to a load of 1 ton per foot run or of 
mit intensity, since the influence diagram was constructed for unit 
load at P. For a load of 2 tons per foot run, the result will be multi- 
plied by 2. Thus, 

Area ADB = x DE = ^ x 16 x 9'0 = 70-8 ft.-tons for a 
load of 1 ton per foot run, and 

Area ADE x load intensity = ^ x 16 X 9'C x 2 = 1.')}$'6 ft.-tons 
for a load of 2 tons per foot run. 

When the load has advanced to F the moment at P = area ACGF 
X 2 ft.-tons. Obviously the moment at P will continue to increase as 
the area over the load increases. If the load bo long enough to cover 
the whole span, the maximum moment at P occurs when the head of 
the load reaches B and will then = area ACB x 2 = J x 14-4 x 60 
X 2 = 864 ft.-tons. 



Maximum Moment at any Section due to a Distributed Load 
shorter than the Span.— Let AB, Fig. 223, be a span of 128 feet 
traversed by a distributed load of tons per foot run, extending 
over a length of 60 feet. Let P be any section say 48 feet from A. 
Place 1 ton at P. Ea = ton and bending moment at P = 

X 48 = 30 ft.-tons = PC. ACB is the influence lino of moments 
for section P . The position of the load which creates the maximum 
moment at P is _ obtained by locating the horizontal length DE 
= 60 feet which is intercepted by CA and CB, and projecting to 
moment at P for this position of the load = area 
GDOEF X load intensity. The area 6D0EF is evidently the maximum, 
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since a small movement g(}=/F of the load to the left (or right; 
results in a smaller tae&gdOef over the load, the strip eEE/ cut off at 
F being greater than the strip dD^ added at G. DE is located by 
making AH = 60 feet and drawing HE parallel to AO. 

Maximum moment at P = area GDCBE x 1| 

= area (GDEF + ODE) x 1| fh-tons. 

GD scales 16 bare, its exact value being 15Jf. 

Maximum moment at P = (15^ x 60) x U 
+ (I X 14^ X 60) X I 5 = ^67'19 ft.-tons. 

Influence Lines of Stress. — Influence lines of stress may be con- 
structed to indicate the fluctuation of stress in any memW of a braced 
girder duo to the passage of a specified system of loads. Such may be 
drawn to show the influence of the moving loads on the stress in an 
upper or lower chord member or in a tension or compression member 
of the web bracing. 

Influence Line of Chord Stress,— In Fig. 224 let the girder AB be 
128 feet span and 16 feet deep. Consider any member of the upper 
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chord, say Cl ). The stress in CD at any instant = bending moment 
at section DE -r depth of girder. 

If a 1-ton load roll from A to B it will create the maximum bending 
moment at E and consequently the maximum stress in CD on reaching 
the point B. Placing 1 ton at E, Ka = g ton. Bending moment at 
E = ^X48 = 30 ft.-tons, and stress in CD = = 2 tons compression. 

In the lower figure make PQ = 2 tons. AQB is the influence line of 
stress for 01). The ordinate of this diagram at any point measured 
to the scale of PQ gives the stress in CD when a load of 1 ton is ai thA 
point. The diagram is used in exactly the same manner as the preceding 
ones. Thus, suppose it be required to ascertain the maximum stress 
which may be created in CD by the locomotive and tender indicated by 
the given axle loads advancing from B towards A. The relative slopes 

of QA and QB are as 5 to 3. , , ^ 00 

From inspection of the loads it is probable that the 20 tons or 2 j 
tons load at P may produce the maximum stress in CD. Place the 
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20 tons load at P and iinagiiio a slight movomont towards A. The 
ordinates of the 7, 18, 19, and 20 tons loads will bo decreasing at the 
relative rate 5 and tho ordinates of the rennaining loads increasing at 
the relative rate 3. Hence, for movement to tho left, 

Total relative decrease of stress = (7+ 18+19+20)xr)5=S20 
„ „ increase „ = (23+214'134‘10+154-10)x8— >308 

A movement to tho left from tliis position therefore causes a net 
decrease of stress in 01). Again placing tho 20 tons load at P 
imagine a slight movement towards B. Loads 7, 18, and 10 tons are 
now iT<flnp.tif>iTig an increase of stress at tho relative rate 5 and loads 
20, 22, 21, 13’, 15, 15, 15 are influencing a decrease at tho relative 
rate 3. Hence for movement to right, 

Total relative increase of stress =! (7 4- 18 -j- 10) x 5 = 220 
„ „ decrease „ =(20+22+21+13+1.5+15+15) 

X .3 = .368 

That is, a net decrease of stress in CD occurs whether tho loads ho 
moved either to left or right of the position in which the 20-tone load 
is at P. This is therefore the position for maximum stress in 01). 

Note.— In moving the loads to right or left of an assumed position, 
be careful to notice whether one or other of the end loads rolls olT the 
span as a succee^g load is brought beneath tho peak of the diagram 
for examination. This frequently occurs on small spans. Also note 
that the above numbers 220, 868, eta, do not represent any concrete 
units. They are simply comparative values indicating tho occurrence 
of an increase or decrease of stress for a supposed movement. 

Having ascertained the required position of the loads, the maximum 
stress in CD is obtained as follows. Mark tho positions of the loads on 
the span with the 20 tons load at P. Draw the ordinates and scale oil 
their values to the scale of PQ. Much labour will be saved if such 
diagrams are drawn fairly largo on squared paper. 

Maximum compression in CD = (7 x 1'3) + (18 x 1'5«) + (1!) x 
1-79) + (20 X 2) + (22 X 1-88) + (21 x 1-7.5) + (18 x 1-5.5) + 
(15 X 1-28) + (15 X 1-10) + (15 X 0-93) = 2.5p-4(> tons. 

I Influence Line for EP.— Since, in an N-girder, the bending 
moment at E + depth DE = either the compressive stress in CD or 
the tensile stress in EP, the influence diagram already drawn for CD 
also applies to EP, the values of the ordinates indicating tension instead 
of compression. Thus, the position of tho loads which causes tho 
maximum compression of 259-46 tons in CD will at the same instant 
cause a maximum tension of 259-40 tons in EP. Similarly the influence 
line for GC will also serve for HE and that for KG for LII. 

Influence Line of Chord Stress in Girder of Variable Depth. — In 
girders of variable depth the same influence line docs not apply to two 
chord members as CD and EP. The position of tho unit load for 
maximum stress in either CD or BP is again at E (Fig. 226) but stress 
in EP = bending moment at B + DB, whilst stress in CD = bending 
moment at E + perpendicular distance EP. 

In Pig. 226 AB = 90 ft. DB = 14 ft. and EP = 18-6 ft. Placing 
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1 ton at E, Ra = I tcm. Bending moment at E = I x SO = 20 ft.- 
tons* 

Stress in CD = 20 4- 13-6 = 1*47 tons compression. 

5 , EF = 20 -r 14*0 = 1*428 tons tension. 





L 


Fig. 225. 

In the lower figure, AKB is the influence line of stress for CD and 
ALB that for EF. 

Influence Line of Chord Stress in Warren Girder.— (^) Through 
Bridge Oirder^ with rolling load on lower joints, Fig. 226. For maximum 
stress in any lower chord member, say CD, the unit load must be 
placed in the vertical plane PQ, which position gives the maximum 
bending moment at P, whence maximum stress in CD = bending 
moment at section PQ-r depth d. But the 1-ton load at Q rests on 
the rail bearer bridging the interval between cross-girders 0 and D 
and is actually applied to the main girder as two concentrated loads of 
0 5 ton each at the points C and D. The bending moment at PQ and 
therefore the maximum stress in CD is slightly less than if the whole 
load of 1 ton were applied on the main girder at P or Q. Let the span 
= 120 feet and depth = 18 feet. Suppose 1 ton actually applied at Q. 
Ra = p Bending moment at Q = ^2 X = 22*5 ft.-tons, and 
stress in CD = 22*5 -M8 = 1*25 tons tension. 

To construct the influence line for CD make EF = 1*25, join FA 
and FB and project C and D to 6r and H. The influence line for CD 
is then AGHB. 

In moving a group of axle loads to and fro under a diagram of this 
character having two peaks at G and H, the position of the loads 
which produces the maximum stress in CD will be such that a load 
must he under one or other of the peaks G or H. The relative slopes 
of AG, GH, and HB will be required. In this example, calling the 
panel length unity, 
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Slope AQt = I vertical to 1 horizontal = f = if 
„ GH = (IJ -f) vertical to 1 horizontal = 

„ HB = 1 J vertical to 4 horizontal ~ 
that is the relative slopes are as 8, 1 and 1. 

Taking the locomotive and tender in Pig. 224, let it be reqnircd to 
find the position for maximum stress in CD. As a first trial place the 
20 tons load at D under the peak H. Move the loads slightly to the 
left. 

Eelative decrease of stress = (7 + 18 + 10 + 20) x 1 = 64 
„ increase „ = (22 + 21 + 13 + 15 + 15 -|- 15) x 1 
= 101 

Hence this movement causes an increase of stress in CD. 



Fig. 226 . 


This increase "will continue until, after 8 feet of travel, the 7 tons 
load arrives at C under the peak G. A further slight movement to the 
left now brings the 7 tons load beneath AG of slope 3, the 18, 19, and 
20 tons loads are still movjng beneath GH of slope 1, whilst the 22 
tons load has not yet arrived at D. 

Eelative decrease = (7 x 3) -I- (18 + 19 + 20) X 1 = 78 
„ increase = (22 + 21 + IB + 15 + 15 + 15) x 1 = 101 
Purther movement to the left, therefore, still influences an increase. 
Oontinuing the movement, 22 tons arrives at D under the peak H 
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when the 7 tons load has passed 2 feet beyond 0. As this position 
creates a new manmttm value, again move the loads slightly to the left 
to ascertain if a further increase will take place. 

Eelative decrease = (7 x 3) + (18 + 19 + 20 + 22) x 1 = 100 
„ increase = (21 + 13 + 15 + 15 + 15) x 1 = 79 


Hence, the stress in CD will dearme if the 22 tons load passes to the 
left of D. Enling in the ordinates for this position (22 tons at D) and 
taking off their values to the scale of EF = 1-25 tons, the maximum 
stress in OD = (7 x 0-75) + (18 x 0-9) + (19 x 0'97) + (20 x 1-04) + 
(22 X Ml) + (21 X r04) + (13 X 0-93) + (15 X 0-78) + (15 X 0-68) + 
(15 X 0-58 = 147+1 tons tension. Fig. 226 shows the position of the 
loads and their ordinates. 
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Fig. 227. 


(}) Warren Girder— Through Bridge— Influence Line for an 
Upper Chord Member, say TCL, Pig. 226. 

The maximum stress in KL occurs simultaneously with maximum 
bending moment at section XY. Hence, place unit load at Y. The 
1-ton load is actually apphed to the mam girder at Y, since at this 



point there is a cross-girder. Eb = | ton. Bending moment at XY = 
I X 40 ft.-tons, and stress in KL due to unit load at Y = |x40-f-18 = 
1*48 tons compression. Making MN = 1’48 tons, AMB (shown dotted) 
is the influence line for EL. Its ordinates represent compressive stress 
and those of AGHB tension. The relative slopes of MA and MB are 
obviously 1 to 2. The application of this influence line introduces no 
new feature. 
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(c) Warren Girder— Deck Bridge.— In Warren girders used for 
deck bridges, with, the load imposed on the upper chord joints, the 
above cases (a) and (&) become reversed, and the influence lines 
for lower and upper chord members are of the types shown in 
Fig. 227. 

(if) Warren Girder with Verticals— Through Bridge, Fig. 228.— 
The unit load at E is here applied directly to the main girder in the 
vertical plane EP by means of the suspender EP which transfers the 
load to F. The influence line for PQ is AOB having only the one peak 
0. The influence line for E8 is APB. 

(e) Warren Girder with Verticals — ^Deok Bridge, Fig, 228. — 

ADB is the influence line for RS, its ordinates denoting compression, 
andAOB „ „ PQ, „ „ tension. 



Influence Lines of Shear Stress.— Influence lines of shear stress are 
required for estimating the maximum vertical shear stress iu the webs 
of plate gilders, or the maximum stresses in the web members of braced 
girders due to particular positions of the rolling load. 

Influence Line of Shear in a Girder with Solid Web. — Consider 
the span AB in Fig. 229. 

A load of 1 ton at position 1 causes a positive shear = PI at section 
P. A second load of 1 ton at position 2 causes a positive shear = P2 
at P j and a third load of 1 ton at position 3 a positive shear = P3 at P. 
If all three loads be on the span together the total positive shear 
at P =P1 + P2 + P3 = the sum of the ordinates under the loads. 
These ordinates are cub off by the line BO which envelops the individual 
shear force diagrams due to the three loads, AO being = 1 ton. If a 
fourth 1-ton load be placed at position 4 to the left of P, it will cause 
a negative shear = P4 at P. P4 = the intercept under the load 4 cut 
off by AP, the enveloping line of the negative portions of the shear 
force diagrams. The diagram ABlB, shown by heavy lines, is the 
influence line of shear for the section P. With all four loads acting 
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the total shear at P = PI + P2 + P3 — P4. For other than unit loads 
the ordinates will be multiplied by their respective loads. 

Position of Loads for Maximum Shear at any Section. — In 
Fig. 230 let AB = 50 feet, and P be the section 20 feet from A. The 
positive shear at section P due to the group of loads advancing from 
B to A evidently continues to increase until the leading load arrives 
at P, since the ordinates of dll the loads are increasing up to this point. 
As the leading load of 6 tons passes P, its ordinate changes from +PI) 
to — CP = a total fall of 1 ton, which causes a sudden reduction of 
the positive shear = 6x1 tons. 



Fig. 230. 


As the motion continues until the 18 tons load arrives at P the 
6 tons load has moved 7 feet to the left and has reduced its negative 
ordinate from PO to EF, equivalent to an increase of positive 
shear = x 6 tons. The net effect of the movement of the 6 tons 
load from P to E is therefore to decrease the shear at section P by 
— 6 + (^ X 6) tons. In the same time the other loads have all 
moved 7 feet on the positive side of the diagram, thus causing an 
increase m positive shear at P = (18 + 20 + 19 + 10) x ^ tons. 
The total change of shear at P for the 7 feet advance is therefore 
(6 + 18 + 20 + 19 + 10) X ^ - 6 tons = + 4*22 tons, which being 
positive, indicates that an increased positive shear occm's when the 

IT 
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18 tons load is at P than when the 6 tons load is at P. Continuing 
the motion a further 6 feet to the left until 20 tons arrives at P, 
the further change in shear at P = (6 + 18 + 20 4- 19 + 10) x ^ 
-18 = -9'24 tons, which being negative, indicates a less positive 
shear for the 20 tons load at P than for the 18 tons_ load at P. 
Hence the position for maximum positive shear at P is when the 
18 tons load arrives at P. Placing the loads in this position and 
scaling off the ordinates, 

Maximum positive shear at P = (— 6 X 0‘26) + (18 X 0'6) + (20 x 
0-48) + (19 X 0-38) + (10 X 0-22) = 28-26 tons. 

Eor maximum negative shear at P if the loads advance from A with 
10 tons leading, the negative shear increases until 10 tons arrives at P, 
The 6 tons load is off the span 6 feet behind A. A further movement 
of 8 feet towards B brings 19 tons to P, the 10 tons load has passed 
to the positive side of the diagram and the 6 tons load has advanced 
2 feet on to the span. Hence, 

Change in shear = ( - ^ X 6 ) - (18 + 20 + 19 + 10)Xto+(10x 1) 
= — 0*96 ton, 

that is, an increase of negative shear takes place. The negative shear 
for this position is obviously the maximum, since if 19 tons passes 
P a large increase of positive shear takes place. Hence, 

Maximum negative shear at P = ( - 6 x 0-04) -(18 x 0-18) — (20 x 
0-8) - (19 X 0-4) + (10 X 0-44) = - 12-68 tons. 

Influbncb Lutes of Shear Stress nr Bbaoed Girders. 

1 . Parallel Girder— Influence Line of Shear Stress in a Diagonal 
Tie. — In Fig. 281 consider the diagonal PQ. Let a load of 1 ton roll 
over the span from A to B. When the load reaches L, Ra = i ton 
and vertical shear in panel LQ to right of the load = -f g - 1 = 
— I ton. But this is the vertical component of the stress in PQ. For 
a member sloping in the direction PQ a negative shear causes 
compression. Hence, for 1 ton at L, direct compression in PQ = 
PO — 

J ton X ^ ton X Make EC = | x V2 ton. 

When the load is just entering the span at A there is no shear in 
tlm panel LQ. The shear stress in PQ therefore increases from zero 
with load at A to EC (compression) with load at L. 

Now move the 1 ton load across the panel LQ to Q. Ra = f ton 
and. vertical shear in panel LQ to left of load = + 3 ton. But a 
positive shear in this panel causes tensile stress in PQ the vertical com- 
ponent of which is I ton. Hence, direct tension in PQ = •§ ton x 

^ = I ton X V Make FD = | x a (2 ton to the same scale as 

used for EC. J oin CD and DB. ACDB is the influence line of shear 
stress for PQ. The diagram is most quickly constructed by making 

AG = BH = 1 ton X joining GB and AH and projecting the 

panel points L and Q to 0 and D. 
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By similar triangles EC = ^BH and DF = fAG-. As the load moves 
from E to F the stress in PQ changes first from EC tons compression to 
zero at Z and then increases from zero to FD tons tension when the 
load arrives at F. From F to B the tensile stress uniformly diminishes 
to zero, since with load at B there is no shear in panel LQ. 

In order to examine the influence of a group of moving loads on the 
stress in PQ, the relative slopes of AO, CD, and DB are required- 
These are — 

Slope AG = EC vertical to AE horizontal = i to 1 = ^ 

CD = (EC + FD) vert, to EF hor. = (| + 1) to 1 = | 

„ DB = FD vertical to FB horizontal = | to 4 = | 


K P M 



The relative slopes are therefore as 1 : 5 : 1, or generally if n = 
number of panels between A and B, as 1 : ^ — 1 : 1 

Position of Loads for Maximum Tension in PQ.— Let the given 
loads. Fig. 231, advance from right to left. Leading 6 tons at F. 
Move to left — 

Eelative increase = (6 + 18 + 20 + 19 + 10) X 1 = 73 
„ decrease = 6x5 =30 

Second 6 tons at F. Move to left — 

Eelative increase = (18 + 20 + 19 + 10)xl =67 

„ decrease = (6 + 6) x 5 =60 
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The tension in PQ therefore continues to increase after the second 
6 tons load has passed E. Before the 18 tons load arrives at P, the 
leading 6 tons load reaches E. This load, which so long as it was 
moving under DO, was influencing a rapid decrease of stress in PQ, 
will, after passing E, contribute towards an increase of stress, since, 
whilst still camii/ig compression in PQ, its compression ordinate will now 
be decreasing. Placing the leading 6 tons at E and moving to 
the left— 

Relative increase = (6 +18 + 20 + 19 + 10) x 1 = 73 
„ decrease = 6x5 =30 

A further movement of 2 feet brings 18 tons to F. Let 18 tons pass 
to the left of F. 

Relative increase = (6 + 20 + 19 + 10) x 1 = 55 
„ decrease = (6+ 18) x 5 = 120 

Evidently a maximum value occurs when 18 tons is at P, Other 
maximum values may occur as other loads from the rear arrive at P, 
according as heavier loads have passed B, whilst lighter loads may be 
moving under DC ; but the greatest maximum may readily be identified 
by summing up the ordinates if doubt exists. Moreover, as more of 
the loads pass to the compression side of the diagram, the compression 
caused by them neutralises an increasing amount of the tension caused 
by the loads on the tension side. In this case no greater maximum 
occurs for a farther movement of the loads, and with 18 tons at F the 
respective ordinates have the values in Pig. 231, and 

Maximum tension in PQ = (10 x 0 57) + (19 x 0*73) + (20 x 0*83) 
+ (18 X 0-913) + (6 X 0*26) - (6 X 0*20) = 51*70 tons. 

The maximum compression in PQ is obtained in a similar manner 
by advancing the loads in the same order, from left to right, over the 
compression side of the diagram. A brief inspection will show that the 
maximum compression occurs when the 10 tons load is at E and 
19 tons 4 feet from A, its value being = — (0*236 x 10) - (0 08 x 19) 
= - 3*88 tons, the minus sign indicating compression. 

^ Position of Uniformly Distributed Load for Maximum Stress in a 
Diagonal. — Referring to Fig. 231 a uniform load advancing from B 
must cover the span from B to Z in order to cause the maximum 
tension in PQ. The value of the maximum tension then = area ZDB 
X load intensity. If the head of the load passes Z, the load overlaps a 
portion of the negative area AOZ and the stress in PQ is reduced, being 

area ZDB - negative area overlapped by load. The position of Z 
is readily found thus, EZ : ZF : : BO ; FD or as 1:4. .*, BZ = 4 BF 
= i X 12 ft, = 2|feet. Hence, ZB = 57*6 ft. Area ZDB = \ x 57*6 
X 0*943 = 27*158. Suppose the load to be 2 tons per foot run, then 
maximum tension in PQ = 27*158 x 2 = 54*31 tons. 

Incidentally it may be noticed that a distributed load of 2 tons per 
foot^ run creates (in this diagonal) almost exactly the same maximum 
tension as the above axle loads. The maximum compression in PQ due 
to a distributed load occurs when the load covers AZ, and for a load of 
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2 tons per foot run = area ACZ x 2 = ^ x x 0*236 x 2 a 3*4 
tons. 

Position of Zero Point Z,— In Fig. 232 the influence lines for all 
the diagonals are shown. The points Zq, Z^, Zg, Z3, Z^, and Z5 are 
the points at which the head of a distributed load advancing from 
B must arrive to create the maximum tension in the corresponding 
diagonals. 

Points Zi, Z2, etc., are also the points where a rolling concentrated 
load causes no stress in the diagonal concerned. It wiS be seen that 
reversal of stress due to rolling load takes place in all but the two end 
diagonals. In a girder as built, the diagonals on the right of the 
centre are of course reversed and the ordinates of their influence lines 
also reverse their significance, the lower side of the diagram becoming 
the tension side and the upper the compression side. 

Eeferring to Fig. 231, EZ : ZF : : ZO : ZD or as AZ : ZB. That is, 
the point Z divides the panel EF in the same ratio as it divides the 



Fig 232. 


span AB. A concentrated load W at Z rests directly on the longi- 
tudinal rail bearer BF and is transferred by the cross girders at E and 
F to the main girder, as two loads in the ratio of ZF and ZE respec- 

ZF Zb 

tively . Hence cross girder load atE = W x ^ and Rx = "W x 
ZF ZB 

Butgp = vertical shear in panel EF = R^ — load at E = 0, 

for this position of the load. 

In Fig. 232 the positions Zj, Z2, Z3, etc., of the head of a distributed 
rolling load for maximum stresses in the diagonals should be compared 
with the positions assumed in the general method for rolling load 
stresses given on p. 245, where the maximum stress in the diagon^s was 
assumed to occur when the head of the equivalent distributed load 
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reached the centre of the panel in every case. The result is sufficiently 
closely correct in practice, but the influence line method is, of course, 
exact. The maximum tension in PQ by the approximate method is 
66‘66 tons as against 54’7 tons by the exact method. The former 
approximate method (p. 245) gives exact results for a uniform load 
extending from B to Q (Pig. 231) and headed by a concentrated load 
at Q equal to half a panel length of distributed load. The results of 
the two methods coincide for the diagonals in the end panels. 

3. Parallel Girder— Influence Iiine of Shear Stress in a Vertical 
Strut.— At any instant the vertical component of the tension in PQ, 
Fig. 231, equals the vertical compression in PL. The influence line 
for PL is therefore similar to that for PQ, but having end ordinates 

PQ 

AG and BH = 1 ton instead of ^ x 1 ton. 


Also the area 2DB becomes the compression area and ACZ the 
tension area. The influence line for MN* with the same modifleations 
will also apply to NQ, and that for LK to KA. 

3. Girder of Variable Depth— Influence Line of Shear Stress in a 
Diagonal Tie. — In Fig. 233 let AB be a girder of 90 feet span, 15 feet 
panel width, and having depths as figured. To draw the influence line 
for PQ. 

Place 1 ton at L, the position for maximnm compression in PQ. 
To find the resulting stress inPQ cut the panel LQ by a section X— X 
and take moments about 0, the point of intersection of NP and QL 
produced, of the forces to the left of section X — X. Point 0 falls 
37‘6 feet from L. This distance is preferably calculated thus — 


In similar triangles CLP and OQN,^ = ^ = ^. But OQ = 

CL + 15', = ^, whence CL = 37'5 feet. CD, the per- 
pendicular distance of 0 from QP produced, is also required. 


*toa,.imtetri.ngtaODQandPLQ,g = |t,«. 

whence CD = 29*12 feet. 


Take moments about 0. The stresses in PN and LQ have no 
moment about 0. The other forces to left of X — X are Ka acting 
upwards and tending to cause tension in PQ,the 1-ton load at L acting 
downwards and tending to cause compression in PQ, and the stress in 
PQ acting at the leverage of 29-12 feet about C. Call Ea negative and 
the load at L positive. 

- (Ea X 22*5) + (1 X 37-5) = stress in PQ x 29*12 
Ea = I ton for 1 ton at L. 

- 18*75 4- 37-5 = stress in PQ x 29*12 

whence stress in PQ = + 0*644 ton, the plus sign denotiag com* 
pression. r d 

On the influence diagram make GE = 0*644 ton. 

Now move the 1-ton load to Q, the position for maximum tension 
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in PQ. Ea = I ton and there is no load to the left of X— X. Take 
moments about G 

- (Ea X 22*5) = stress in PQ x 29*12 

- (I X 22*5) = „ PQ X 29*12 

whence stress in PQ = —0*515 ton, the minus sign denoting tension. 
On the influence diagram make HP = 0*615 ton, AEPB is the 



influence line for PQ. For maximum tension in PQ a distributed load 
must cover the length BZ, and the magnitude of the tension = area 
ZFB X load intensity For maximum compression in PQ the length 
AZ must he covered and maximum compression = area ZEA X load 
intensity. For a group of concentrated loads the diagram is used in the 
same manner as the preceding one for a parallel girder, having regard 
to the relative slopes of AE, EP, and FB. 

In this example the relative slopes are 

AE, 0*644 vertl. to 1 horl- = 0 644 ] ( 5 

EF, (0*644 + 0*615) vertl. to 1 horl. = 1*169 pM 9 
FB, 0*515 vertl. to 4 horl. = 0*129 ) ( 1 

It should he noted that for a girder of variable depth AE and FB 
are not parallel. 
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4. Girder of Variable Depth— Influence Line of Shear Stress in a 
Vertical Member.— Consider the member NQ, Fig. 263. To find the 
stress in NQ cut NP, NQ, and QM by section Y — Y and produce NP 
and MQ to meet afc 0, which is also the centre of moments for NQ. 
Place 1 ton at Q, the position for maximum tension iu NQ. Ea == | ton. 
Take moments about 0 of the forces to loft of Y — Y. 

+ (Ea X 22*5) - (1 X 52*5) = stress in NQ x OQ 
+ (§ X 22*6) - 62*6 = „ NQ X 62*5 

whence stress in NQ = - 0-714 ton (tension). 

Now move the 1-ton load to M, the position for maximum com- 
pression in NQ. Ea == i ton and there is no load to left of Y — Y. 
Take moments about C. 

+ (Ra X 22 '5) = stress in NQ x CQ 
-f- (I X 22*5) = „ NQ X 62-6 

whence stress in NQ = +0*2142 ton (compression). 

In the lower diagram, make ST =0*714 ton and UV 
ATVB is the influence line for NQ. 

The relative slopes of AT, TV, and VB are, 

AT, 0*714 vertl. to 2 horl. = 0*357 ) 

TV, (0*714 + 0*214) vertl. to 1 horl. = 0*928 [ 

VB, 0-2142 vertl. to 3 horl. = 0-0714 ) 


= 0*214 ton 




CHAPTEE IX. 

DEFLECTION. 

Ik all structures changes of length of the separate members are produced 
by the compressive or tensile stresses in the members, and although the 
change in length of any individual member is comparatively very small, 
yet the compounded elongations and contractions of the successive 
members produces an appreciable displacement of certain points in 
the structure. The vertical component of such displacement is termed the 
deflection of that point. The importance of the magnitude of the 
deflection will vary according to the class of structure under considera- 
tion. For bridges and girders in general, it is usual to specify a limiting 
ratio of deflection to span to ensure that no serious changes of length 
take place in any of the members, and the deflection under test loads is 
often measured for that purpose ; but such factors as the relative stiffness 
of the connections, workmanship, etc., may so alter the theoretical 
distribution of stress in the members that the deflection can in no- 
i\ise be assumed as a measure of the strength of the structure, or 
even an evidence that no member of the structure is being unduly 
stressed. 

However, in many structures such as the arms of swing-bridges, 
cantilevers, arches, etc., that are being erected by building out from 
the ends, it is of great importance to estimate to a close degree of 
accuracy the deflection that will occur, to ensure the seatmgs being 
placed at the correct levels, the overhanging ends meeting accurately, 
etc. 

Live loads produce greater deflections than static loads of the same 
magnitude owing to the dynamic action of such loads. The deflection 
produced by a suddenly applied load to, say, a crane girder, would be 
double the deflection produced by a similar static load, but would be of 
only momentary duration, and as the vertical vibration ceased such 
deflection would be reduced to the magnitude of the static deflection. 
The increase in deflection produced by the live loads on bridges will 
vary according to the span, velocity of the moving loads, etc., and it is 
impossible to establish an exact law for these conditions, but by making 
due allowance for impact when calculating the stresses in the members, 
a close approximation to the deflection will be obtained. 

Deflection due to Static Loading. — Providing the elastic limit is 
not exceeded, the change in length in any member will be— 
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where L = the original length of the member 

I = the change in length of the member 
B — the intensity of stress 
E = the modulus of elasticity of the material. 

Or if Si = the total stress in the member 

and A = the sectional area of the member 

then I = ^ 

EA 

Z, L and A, and Si and E, being measured in the same units. 

Consider the action of the force P applied gradually to the girder 
in Fig. 234. To produce the changes in lengths of the members form- 

ing the girder a certain amount of work 
V \ \ / / / is performed. If A be the deflection 

^ of the point of application of P, the 

^ P R work performed during that deflection 

Fig. 234. = JAF. As this is the only external 

work done, it must be equal to the 
total internal work done in the girder. The work done in straining 
any member is equal to half the product of the stress in the member, 

and the change in length 


Therefore the internal work performed on any member 

^Si^L 

2BA 

and the total internal work is the sum of the work performed on each 
member. 


Therefore 


A 


Calculating for each member and dividing the sum of such 

terms by the produc&fif P and E, the deflection of the loaded joint is 
obtained. 

Let an additional load E be placed anywhere on the girder, and tho 
stress in any bar which was stressed Si under the action of P only, be 
now equal to S 2 . The total work performed on such bar 

where I = the change in length due to the load P 

~ E 






DEFLECTION 


The work performed on the bar by P therefoiw 



The total internal work performed by P is the sum of the work 
done in the members 


Therefore 


and 


2EA 


iPA = S 


W 

2EA 


PE^ A 


where A is the deflection of the point of application of P. 

Since the load B has been assumed anywhere on the girder, the 
above expression is applicable to any system of loading, but attention 
must be paid to the signs of S, and Sa, and the algelrm sum of the 
SSL 

terms taken. If instead of considering the work performed by 


the whole force P, the work performed by a unit portion of such load 
be considered, the deflection will be obtained from the above expression 
by substituting for Si the stress in the members due to the unit load 
and replacing P by unity. Let S be the stress in any member due to a 
unit portion of the load P. 


Then 


A = 


1^SS,L 

A 


The deflection of any other point in the girder may be obtained by 
substituting for S the stress in the members due to unit load at such 
point. 

Example 32 . — To find the deflection at the iniddU of the span of a 
Irmed gu def . 

Let Fig. 235 represent the girder and the static loads at the panel 
points. 



The stresses in columns 1 and 2 of the following table have been 
calculated by the methods described in Chapter VIL, and E assumed as 
14,000 tons. In practice the sectional areas of the members are taken 
from the completed design. 
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Member. 

Stress, $ 2 . 

Stress, S 

Lengtli, L 

Sectional 
area, A. 

R 2 SL 

A 


tOUB 

tons. 

It 

sq. in 


AO 

- 0 

0 

20 

15 

+ 0 

AB 

-105 

- i 

20 

18 

68*33 

AG 

-180 

-1 

20 

30 

120*0 

AK 

-225 

-li 

20 

88 

177-6 

BD,. 

+105 

+ i 

20 

26 

40*4 

BF 

+180 

+1 

20 

45 

80'0 

BH 

+225 

+ii 

20 

66 

120 5 

BL 

+240 

-j-2 

20 

CO 

160*0 

MG 

+105 

+ i 

20 

25 

42*0 

CD 

-106a,/2 

- W2 


24 

87 6^2 

DE 

+ 76 

+ i 

20 

20 

37*6 

EF 

- 76V2 

— 

20^/2 

17 

88*2^2 

FG 

+ 45 

+ i 

20 

12 

37*5 

GH 

- 46^/2 

- W2 

20^/2 

12 

76^/2 

HK 

+ 15 

+ i 

20 

5 

30 

KL 

- 16^/2 

- W2 

20^2 

6 

60 ^^2 

LN 

0 

0 

20 

6 

0 


Total for the half truss , . . 1,325 

„ whole „ . . 2,660 

Multiplying by 12 to reduce L to inches 12 


= 31,800 


E-^ A 


A = = = 2-27 in. 


Horizontal Displacement. — The horizontal displacement of any 
point in a structure may be found by a similar method. If a unit 
horizontal load be applied at such point, the work performed by this 
load will be half the product of the displacement and unity. The total 
internal work will 

2EA 


where Ss = the stress in the members due to the horizontal unit load. 
Let H = the horizontal displacement 


Then 


or 


ITT — ^ 'S! 




A 


Example 33. — To find the total displacement of the left-hand end 
P of the cantilever in Fig. 186. The outline of the ffirder is reproduced 
in Eig. 236. ^ ^ 

In the following table suitable sectional areas for the members have 
been inserted. In a bridge of this type, the superstructure would be 
securely fixed to one of the piers at M or N and allowed to slide 
horizontally on the other. It will be assumed in this example that KT 
is the fixed point and horizontal movement may take place at M. This 
assumption in no^ way affects the vertical deflection of the point P, but 
has a direct bearing on the horizontal displacement. If M be fixed and 
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N" capable of horizontal moTement, the horizontal diaplacement of P 
incluaes the contraction of the member MN, but by fixing N the 
contraction of MN does not affect the horizontal displacement of P. 
It will be noticed that the stress in the members DT and ET due to 



the vertical unit load at P is opposite in sign to the actual stress in 

S SL 

those memhers, and therefore the values of will be negative and 

must be subtracted from the sum of the positive values in the other 
members. The unit horizontal load creates stresses in the members of 

the lower boom only, and the values of for all other members will 


be zero. 


Meml}er 

Sectional 
area, A 

Length, 

L. 

Total stre&B, 

S2 

Unit load 
stipss, S. 

S2SL 

A 

Unit load 
btiesa, S3 

SgS.L 

A 

m 

TS 

SB 

BO 

OP 

ED 

DO 

OB 

BA 

AP 

EN 

DT 

OS 

BB 

AO 

ET 

DS 

OB 

BO 

EM 

NM 

sq in. 
180 
153 
110 

63 

19 

120 

81 

43 

15 

17 

280 

42 

45 

30 

12 

39 

48 

42 

30 

100 

180 

it 

50 

50 

60 

50 

60 

58 3 
53 9 
62-2 
52 2 
64 
120 

90 

70 

55 

40 

130 

103 

86 
74-3 
156 2 
100 

tons 

+648 8 
+460 
+325 7 
+1791 
+ 68 8 
-53G-3 
-3511 
-188 

- 61-7 

- 75 3 
+886 7 
+122-1 
+152 7 
+118 2 
+ 48 3 
-280-8 
-276 6 
-2521 
-178-7 
-406-9 
+548 8 

tons 
+2*08 
+2 22 
+214 
+181 
+126 
-2 59 
-2 31 
-189 
-1306 
-188 
+3 5 
-0 33 
+0*14 
+0-46 
+061 
+0 36 
-0*16 
-0 57 
-0-83 
-3 25 
+2-2 

+ 817*1 
+ 333-7 
+ 816 8 
+ 257-3 
+ 193 4 
+ 674 8 
+ 539 7 
+ 431-3 
+ 2802 
+ 5329 
+1255-1 

- 863 
+ 33 2 
+ 99-7 
+ 982 

- 276-9 
+ 95-0 
+ 294 2 
+ 367-3 
+2065-6 
+ 670-7 

ton, 

1 

1 

1 

1 

1 

+162-4 
+150 3 
+148 1 
+142-1 
+ 164 7 

+8493-0 

+747 6 
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Vertical displacement of P 

8498-0 X 12 
14,000 
= 7-28 in. 


Horizontal displacement of P 

_ H - X 
14,000 
= 0-C4 in. 

Therefore when the bridge is loaded so as to produce the stresses Sa 
in the members, the point P would bo displaced to Pj, as shown in Fig. 

236, the scale for the displacements 
being greatly exaggerated. 

Beams tvith Mid Weis . — The 
deflection of beams having solid webs 
may be found by the application of 
the foregoing jirinciples. Consider 
the work done on any section ai-a;. Fig. 237, by a unit load placed at 
the point at which the deflection is required. 


!' 


N-l 




l—l 


Fig. 237. 


Let s = the skin stress due to any system of loading, 

Si = the skin stress due to the unit load. 

Then the stress on an elementary strip situated at a distance yi from 
the neutral axis and of area a 


“ due to the total loads 
„ unit load 


= asi^ 


y 

Let I = the length of the strip. 

Then the extension due to the unit load 

— 

The work performed by the unit load on the strip 

_ ssiayfl 
2y®E 

The work performed on the whole cross-section 

~¥~ 


= — s 
2E^ 


f “ertia of the section = I. 

Let M = the bending moment at the section due to the total loads. 
" ’> n „ unit load. 
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Substituting these values in the above expression, the work per- 
formed on the section 

_ 

2E^~ 

The work performed by the unit load on the total length of the 
beam will be obtained by substituting dx for I and integrating. This 
internal work must equal the external work, or 




For beams having a constant cross-section throughout their length 
I will be constant, and ^ 


-El/> 


Example 34. — To find the deflection at the end of a cantilever of 
constant cross-section when supporting a load P at its outward end. 

Let I = the length of the beam in inches. Then at any section 
distant x from P jf _ _ 


"Px.x .dx 


The following general formulas for beams of constant cross-section 
may be deduced m a similar manner. 

Table 27 — Deflection of Beams of Constant Cross-section. 



Maximum deflection 

Cantilever 


Single concentrated load at\ 


the end . . . f 

8EI 

Uniformly distributed loadl 

A-’WP 

over the entire length . j 

8EI 

Beam swivly suvpoitcd at the 


ends. 


Single concentrated load atj 

a distance h from one end 1 


Uniformly distributed load'i 

A _ 

over the entire length . . / 

384EI 
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where A = deflection in inches. 

W = total load in tons. 

I = span in inches. 

E = modulus of elasticity in tons per square inch. 

I = moment of inertia. 

Beam of varying Cross-section . — If the moment of inertia of the 
cross-section of a beam is not constant throughout the entire length of 
the beam the deflection will be 




For the plate girder of Fig. 238, in which the moment of inertia 

of the central length is I, and for the 
remaining portions Ii 

AE = 2f^dc + 2f''^dc 

Fia. 288 . ' 

To find the deflection at the 
centre if the girder carries a load of ie tons per inch run. For any 
section distant z from one support 


m = iz 
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ROOFS. 

OcoASiOiTALLY roofs are used as additional floors to buildings, or as 
water tanks, roof gardens, etc., in which case the upper surface requires 
to be horizontal. Such roofs— generally termed flat roofs— supported 
by systems of parallel flanged beams whose design is similar to that of 
the floor beams already described in Chapter lY. and need not be 
repeated here. 

In the majority of roofs, however, the weather-resisting surfaces are 
inclined at a considerable angle to the horizontal, and it is the design of 
this type of roof it is now proposed to consider. The particular feature 
of this system of roofing is the specially shaped girder — known as the 
'principal or used to furnish the primary support between the walls 
or columns of the buildmg. The principals are spaced at intervals along 
the length of the building and support a system of secondary members 
called purlins^ which span the spaces between the principals and in 
turn carry the weatherproof covering. 

Slope . — In very large spans the rafters of the principals are some- 
times curved, but for small and medium spans they are usually made 
straight from the eaves to the ridge of the roof, and the covering 
thus lies on two inclined planes forming an inverted V shape. The 
inclination given to the slopes must be sufficient to throw off the rain 
without allowing leakage at the joints of the covering material. Thus 
the minimum slope is dependent to a great extent on the character- 
istics of the covering. For architectural effect very steep slopes may 
be adopted, but roofs so formed present large surfaces to the wind 
pressure, thereby necessitating specially strong principals, and require 
a proportionately larger amount of covering material. The proportions 
of rise to span most commonly employed vary between 1 to 4 and 
1 to 3. 

Roof Coverings. — The following are the most frequently used 
materials : — 

Slates form probably the most durable of all roof coverings and are 
not subject to the effects of heat, rain, or other atmospheric conditions, 
but their heavy weight necessitates very strong structural supports. 
They are secured by slating nails to battens or close-jointed boarding 
laid on the common rafters or purlins. The minimum pitch of roof 
required is about 1 to 4. 

Tiles^ often used as substitutes for slates, are manufactured from 
clay, asbestos, and various compositions, many forms being on the 
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306 


STEUOTUEAL ENGINEERING 


markefc. Each material has special qualities claimed for it by the 
manufacturers, to whose catalogues the reader is referred. Generally 
tiles do not possess to the same degree the durability of slates, but they 
form a somewhat cheaper covering. The method of laying and the 
minimum slope are similar to those of slates. 

OcAvanked corrugated iron sheeting is used only on the lightest 
types of structures. Being manufactured in sheets of considerable 
size and easily fixed to the purlins by screws or hook bolts, the cost of 
material and labour is very low. Its great disadvantage is its com- 
paratively short life ; the rate of decay through atmospheric causes is 
very rapid at the bolt holes and throughout the sheet when the 
galvanizing has worn off. Painting adds little to its life. It can be 
used on all slopes of 1 to 4 and upwards. 

Corrugated asbestos and other composition sheets are used as substi- 
tutes for galvanized iron and have the advantage of being immune 
from the rusting and galvanic action which causes the decay of the 
latter. They can be fixed in the same manner and used in all situations 
suitable to iron sheets. 

Felt tacked on to close- jointed boarding forms a very cheap type 
of covering, easily erected but not durable, is highly inflammable 
and easily damaged. In many localities the bye-laws prohibit its use 
on all except very small or temporary structures. It is laid with 
simple lap joints which are coated with mastic to render them water- 
proof. It is suitable for curved and low-pitched roofs. 

Lead, formerly used to a great extent on large flat roofs, is now 
seldom adopted owing to its weight and cost. It is very durable, but 
unsuitable for use on any but very low-pitched roofs owing to its 
tendency to creep down the slopes. It is laid on boarding in sheets 
running down the slope and the joints are formed by side laps over 
timber rolls. 

Zinc is another form of metal covering occasionally used, but whilst 
lighter and cheaper than lead, it does not possess such durable qualities, 
as it is very subject to decay and corrosion from atmospheric causes. 
It is laid in a similar manner to lead but on somewhat steeper slopes. 

Glass used in the slopes for lighting purposes is manufactured in 
sheets of varying size and thickness, the rough rolled plate quality of 
i to I inch in thickness being generally employed. Special glazing 
bars, made in timber or metal, are required to support it and to ensure 
weather tightness m the vertical joints. Lead flashing is used as 
covering to the horizontal joints between the glass and other materials 
in the slope. 

Purlins and Common Rafters. — As the roof covering does not 
possess the requisite strength to support itself between the principals, 
purlins, and in some cases common rafters (see Eigs. 240, etc.), are 
introduced for this purpose. Common rafters act as secondary beams 
spanning the spaces between the purlins and are formed of deals 
spaced at about 12 inch centres. The required section of these rafters 
is determined by the principles of beam design described in Chapter IV. 

Where the principals are spaced at short intervals, say up to 14 feet, 
the purlins can usually be made of solid web sections of either timber or 
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steel, but for larger spans built-up sections in the form of plate or 
lattice girders or trussed members may be required (see page 313 for 
example of trussed purliu). 

The purlin loads consist of the weight of the covering and purliu, 
together with the pressure exerted by the wind on one or other of the 
slopes. The dead load can be closely computed from the unit weights 
of materials given in Chapter 11. The wind pressure is much less 
definite and as already explained in Chapter II. cannot, with any degree 
of accuracy, be stated for any given case. Empirical formulse have 
been devised from the results of observations on wind pressure, and it 
is common practice to make use of these when estimating the wind 
loads. The wind may impinge on the roof slope at any angle, but it is 
then guided up or along the slope and during the change of direction 
creates two pressures, one being normal and the other parallel to the 
slope. The force on the roof members produced by the latter is very 



Fig. 239. 


small, being only the frictional resistance offered by the slope, and may 
be neglected when computing the stresses in the purlins. The normal 
pressure is resisted directly by the purlins and forms the live load to be 
considered when designing those members. In the following formula 
the normal pressure is dependent on the horizontal pressure, which will 
vary according to the exposed or sheltered situation of the structure. 
For all ordinary situations 40 lbs. per square foot is a very commonly 
adopted horizontal pressure and has been found in’ practice to give 
satisfactory results. 

Hutton* s Formula. 

Let Pn = normal pressure on the slope. 

JP = horizontal wind pressure. 
i = inclination of the slope. 

Then Pi, = P(sm 0^-84 cosi-i. 

Assuming P = 40 lbs. per square foot, the curve of normal pressures 
has been plotted — ^Fig. 239. 
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Note. — dead load due to the weight of snow lying on the leeward 
slope may be included in the dead lo^, but the purlins will be most 
severely stressed when under the action of the wind blowing on the 
slope under which they are situated. 

'The purlins act as beams and owing to the frequency of the joints 
may be considered as having free ends. The methods of calculating 
the stresses have been described m former chapters when dealing with 
beams and plate and lattice girders. An example of the calculation of 
the strength of a trussed purlin is given on page 313. 

Principals may assume a variety of forms and be constructed wholly 
of timber, wrought-iron or steel, or consist of a combination of members 
made from the different materials. 

Timber principals usually take one or other of the forms shown in 
Figs. 240 and 241. The former, known as a King Post Trms^ is suit- 
able for spans of from 20 feet to 30 feet, and the Mtev-— Queen Post 
Truss — for spans up to 50 feet. 

The loading tends to spread the rafter shoes, and to prevent this 
spreading effect from thrusting out the walls a horizontal tie beam is 
introduced. Apart from the secondary bending effect due to its own 
weight or that of a ceiling suspended from it, this member is purely in 
tension. The rafters are tenoned into it and the joints are further 
strengthened by screwed straps to prevent horizontal shearing of the 
ends of the tie. The vertical king and queen posts are tension 
members resisting the vertical components of the thrust in the struts, 
and also serve as suspenders to the horizontal tie beams to minimise the 
sag of those members. In king post trusses the horizontal components 
of the forces in the struts balance each other, and there is no tendency 
of the foot of the king post to move horizontally. The unbalanced 
thrusts of the struts in queen post trusses necessitate a strutting piece 
between the feet of the posts to relieve the lower joints of the posts of the 
horizontal forces. This strutting piece is spiked to the upper side of 
the beam. To form the tension joints between the posts and the tie 
beam wrought iron or steel straps are fixed around the beam and secured 
to the posts by gibs and cotters to ensure tight joints between the timbers. 
The heads and feet of the posts are enlarged to provide bearings for the 
rafters and struts which are tenoned into them. Straps are provided 
at the junctions of the rafters and posts to prevent opening of the 
joints if shrinkage of the timber occurs. The straining beam in the 
queen post truss acts as a strut between the heads of ^ the posts into 
which it is tenoned. The struts are secured by tenons into the rafters 
and posts. 

The trusses are spaced at not more than 10 feet centres and the 
shoes rest on wall plates, which distribute the load along the length of 
the wall to avoid local crushing of the wall under the shoes. 

The purlins are checked on to the rafters and prevented from 
sliding down the slope by timber cleats spiked and notched to the 
rafters. The pole plates act as additional purlins but are supported 
directly over the walls by the tie beam on to which they are checked. 
The common rafters are spaced at about 12 inch centres. They are 
bevelled to fit against the ridge piece to which they are spiked and 
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checked on to the purlius and pole plate. The ridge piece is supported 



Fia. 242 a. 

by the conunon rafters and fits into grooves in^ the heads of the king 
posts. Battens or close- jointed boar(£ng are nailed on to the common 
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rafters and support the slates or other covering materials. Ceilings 
may be suspended from the tie beams as shown in Pig. 241, the oefling 
joists being nailed to the under sides of the ties. 

The sections of the different members of those types of trusses have 
been standardized and may be found in text-books dealing more 
particularly with building construction. 

Gon^osUe Prine^al. — Figs. 242 to 242o show the general eleva- 
tion and details of a principal of the composite type in which the struts 
and rafters are naade of timber and the ties of steel rods. This arrange- 
ment of material obviates the use of the very large timber sections 
necessary if timber be used in the ties. 



The principal has relatively few members, and for large spans the 
strut lengths of the rafters necessitate large sections for tWe members. 
The connections between the struts and ties are most readily formed by 
rneans of castings. At the ridge and shoes iron castings may be used, 
since the pull on the ties is resisted directly by the rafters and the 
castings are not subject to any tensional stress. At the internal joints, 
however, the castings are called upon to resist the puli of the ties, and 
for this reason steel are preferable to iron castings. A suitable strength 
for th^ steel castings is usually arrived at from the results of destruc- 
tive trial tests. Built-up steel connections composed of bent angles or 
diannels and steel plates riveted together can be used as an alternative 
to the steel castings. 

The stresses in the various members of the principal are found in a 




EOOFS 


similar manner to that adopted for steel principals explained later. 
The timbers inserted between the struts add stiffness to those members 
but take no part of the primary stresses 


Struts 


J Boffs 





SecHon. End Elevation, 

Detail of Cast Steel Connection. 


Fio. 242 q. 


The spacing of the principals in the above example was 26 feet 
centre to centre, thus necessitating the trussing of the purlins as shown 


ZB-0 Centres of Principals 
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The method of calculating the strength of the different members of 
the purlin is as follows : — 

Loads:— 1|" boarding. . = 4-5 lbs. per sq. ft. 
slates ... 8 0 .j 

normal wind pressure = 26-5 „ „ 


Say 40 lbs. per square foot of roof slope. 

Load on one purlin (at 7 feet centres) 

= 40 lbs. X 26 ft. X 7 ft. = 7280 lbs. 
weight of purlin (say) = 600 „ 

7880 „ 

Say 70 owts. 

The dead load P acting vertically can be 
resolved into two components Pi and Pj, as in 
Fig. 242jii, normal and parallel to the axes of 
the purlin section. The component P* is in this 
case resisted by the roof boarding acting as sus- 
pender from the ridge and balanced there by a 
similar force from the opposite slope. Thus the 
purlin is not called upon to resist transverse bending. 
The component Pi will be somewhat less than P, 
and if for simplicity of calculation the whole load 
P be assumed as acting normal to the slope, the 
resulting stresses in the purlin will be a little 
greater than if the more accurate load Pi be used, 
but will not materially affect the member sections. 
Fig. 242 f is the frame and stress diagram 
ffia. 242ffl. of the purlin. The method of drawing these 
diagrams will be described later when dealing 
with stresses in the members of principals. The stresses in the ties 
A1 and A2 = 5*8 tons. 

Area of two diameter rods at the bottom of the screw thi-eads 
= 0-84 square inch. 

5‘8 

Stress in rods = = 6-9 tons per sq. in., which gives a factor of 

safety of about 4. 

The shear on the lugs of the end castings 
5-8 

* ^T5" ' x2-5") = ^ 

which is well within the safe limit of stress. 

The proportions of the remaining parts of the end castings have 
been designed to^ accord with the practical requirements of the foundry, 
and the stresses in the material are below theoretical requirements. 

The compression on the middle strut = 1-75 tons. 

To design this member by the principles described i^ Chapter V. 
would result in the sections being too thin for casting, and therefore the 
thicknesses of metal have been determined by foundry considerations- 
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The tlmher beam has, ia addition to a direct compresBiTe stress of 
116 cwts. as found by the stress diagram, bending stresses due to the 
distribution of load on it between the panel points. 

M aximu m bending moment 


^ cwts. X 13 ft. X 12 
8 


= 682'5 owt.-ins. 


Maximum stress due to bending 

BMt. 682-5 x 6 , 

= M«i: dt iecnoi ° * X IQ no ° ^ “I- 

Compression due to direct load 

116 cwts. n . 

= - ' iQ/; = 2-9 cwt. per sq. in 

Combined maximum compressive stress 

= 10-2 + 2-9 = 13-1 cwts. per sq. in. 

The beam is pitch pine the ultimate strength of which may be taken 

96 

as 96 cwts. per sq. ia. Therefore the factor of safety — =7*8, 

which may be considered reasonable for this purpose. 



Fio. 242 f. 



b 

c 

a 

d 

8 


Steel Principals , — A typical example of a principal formed through- 
out of steel members connected by steel junction plates is shown in 
Figs. 250 and 251. This type of principal has the following advantages 
over the foregoing types ; high resistance of the material, greater 
variety of sections from which to select, ease of forming the connections, 
greater reliability of the material and suitability for all spans. The 
arrangement and number of members of the frame depends to a great 
extent on the span to be bridged. Pig. 243 shows alternative frame 
diagrams for various spans. Very long struts necessitate correspond- 
ingly large member sections and unwieldy connections, whilst an undue 
number of members results in loss of economy owing to the cost of the 
nunaerous connections. An economical arrangement will generally be 
attained if the spacing of the strut connections to the rafters be made 
from about 8 feet to 1 0 feet. 

Por spans up to about 100 feet Y principals are generally adopted. 
For larger spans it is more economical to employ some form of principal 
with curved rafters, aud so avoid the excessive height required by Y 
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principals. Two types of curved principals are shown in Fig. 248 at 
(a) and (5). The former is similar to a lattice girder, and the reactions 
will he similar to those of Y principals. (&) is an arch and requires 
either ties between the shoes or stiff abutments to resist the outward 
thrust due to the arch pressures. An alternative method of roofing 
large spans is shown at (c), where one or two systems of girders serve 
as the primary support between the walls of the building and a series 
of small span V principals are erected on the upper fianges of the 
girders. This system is 

known as Ridge and Fur- jA 


TOW roofing, and has to a 
great extent supplanted the 
different forms of curved 
rafter principals. 

Where conditions permit, 
principals are usually spaced 
at 12 feet to 14 feet centres, s 
This ensures member sec- 
tions and connections of 
economical proportions and 
weights of principals that 
can be readily handled. If 
larger spacings are com- 
pulsory, trussed or built-up 
purlins will be necessary. 

Determination of 
Stresses in Principals. — 
Principals are special types 
of lattice girders differing 
from those dealt with in 
Chapter YII. by reason of 
their shapes and the inclina- 
tion of the line of action of 
the live loads. The loading 
consists of the purlin re- 
actions and the weight of the 
principal itself. The former 
will be computed when de- 
signing the purlins, and the 
latter can be estimated from 



the formulas given in Chap- Fio. 244. 

ter II. and allotted equally 

between the panel points in the rafters. The purlin bearings, wherever 
possible, should be situated at the junction of the struts and rafters to 
avoid secondary bending in the rafters. 

Reactions . — Since the dead loads all act vertically the dead load re- 
actions at the shoes must also be vertical. For the ordinary Y principals 
these reactions can be ascertained by taking moments about either 
shoe, as when computing the reactions of a beam with simple end 


supports. 
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GBbe line of action of the wind loads being inclined to the vertical 
tends to slide the principal horizontally on its bearings and necessitates 
one or both shoes being secured to the supports to resist such motion. 
Usually both shoes are bolted down, but f<S: , ^rge spans tone shoe 
should be allowed to slide on its bearing to allow of principal 
expanding and contracting during changes of temperature.- The 
reaction at a sliding bearing is necessarily vertical since there is no 
resistance to horizontal motion, and therefore the whole of the 
horizontal component of the wind load must be resisted by the fixed 
shoe. 

Where both shoes are fixed the reactions will be parallel to the 
resultant wind load. In Fig. 214(») the wind pressure on the left- 
hand slope has a resultant P acting at the mid-point of the slope. 

Taking moments about the left-hand shoe — 


P X ill = Eg X h 

•E 

and since Ri + E 2 = P 

Ri = P^E2 

Suppose the left-hand shoe he supported on rollers. The reaction 
Ri must now be yerbical. By the principles of statics the reactions 
must intersect the force P at the same point. Producing Ri vertically 
the only point of intersection is at which must also be the point of 
intersection of R 2 and P. Joining d to m will establish the line of 
action of R 2 . The magnitudes of Rj and R 2 are found from the 
triangle of forces def. Set off d& to scale to represent the force P. 
From a draw ^parallel to dm cutting dn at /. Then the sides of the 
triangle dB, ef and fd represent the forces P, E 2 and Rj respectively to 
the same scale, 

When the wind acts on the right-hand slope the same method of 
procedure may be adopted to find the reactions. The point of inter- 
section of the forces will now be and a/' and d'f' will represent 
the directions and magnitudes of Ri and R' 2 . 

Stress Diagrams.-— The 
stresses in members of principals 
are most conveniently determined 
by the following diagrammatic 
method founded on the fact that 
if any number of forces acting 
in one plane and through one 
point are in equilibrium, they can 
be represented by the sides of a 
polygon. 

Let the five forces shown in 
Fig. 245a. act in the same plane 
through one point and be in equilibrium. The force polygon is then 
constructed by commencing at the point a and drawing ah parallel to 
AB and in the direction of action AB, downwards. Make the 
length ah represent to scale the magnitude of the force. From b draw 
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Ic parallel to and acting in the same direction aa BO. Make the 
length Jc to the same scjile as ab equal to the force BO. Drawing cd, 
de and ea likewise parallel to and in the directions of action of the 
forces OD, DE and EA respectively, it is found that the closing line 
ea terminates at the point a, thus forming a closed polygon. 

At each joint in the frame of a roof principal there are a number 
of forces acting which are in equilibrium and which can be represented 
by a polygon of forces constructed in the above manner. Consider the 
left-hand shoe of the frame shown in Pig. 246 when the principal is 



subject to dead load only. At this joint there are four forces acting, 

P 

viz. the reaction Ei, the panel load , 5 -, the force in the rafter 01 , and 

tt Ju 

P 

the force ia the tie lA, of which the magnitudes of and- 

will have' been previously ascertained when computing the dead loads 
and reactions. The polygon (0) has been constructed to represent 
these forces by commencing at a and drawing ah parallel to Ej, making 
its length to scale represent the magnitude of the reaction. This force 
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acts upward from a to h Taking the forces in (iosiijdsgi order the 

next force is the panel load j which is represented to the same scale as 

ab by Ic acting from 6 downwards and coinciding with the line ab 
(drawn at the side of ab for clearness). The force Ol is represented 
by cl passing through c and lA by la passing through cj, each parallel 
to the force it represents. From the polygon so formed the magni- 
tudes and directions of action of the unknown forces 01 and lA may 
be determined. Since ab acts upwards and be downwards then, following 
the remaining sides in order, cl must act in the direction c to 1 and la 
in the direction 1 to a. Transferring these directions on to the frame 
diagram, it is seen that the force in Cl acts towards the joint, whilst 
lA acts away from the joint, thus indicating that the rafter thrusts on 
to the joint and is in compression whilst the tie pulling away from the 
joint is in tension. 

It will be observed that if the magnitudes of two forces only in a 
system of forces acting at a point be unknown they can be determined 
by the foregoing method. In most forms of principals it is possible 
by commencing at either end joint to proceed along the joints in such 
order that not more than two unknown forces are encountered at any 
one joint. In certain types of principals where this is impossible other 
methods, to be discussed later, must be employed. 

Having ascertained the stresses in 01 and lA the next joint to be 
considered is CD21-~described by the surrounding letters and figures. 
The known forces are Ol acting towards the joint since the rafter is in 
compression, and the load P acting vertically downwards, whilst the 
unknowns are D2 and 21. By repeating the construction of the 
previous force polygon another polygon od^l is obtained from which 
the magnitudes and directions of the forces in D2 and 21 are deter- 
mined. Taking the remaining joints in the following order, DE32, 
A1234, 3EF4 and A4FGr, for each a polygon can be constructed and 
the forces in ihe remaining members ascertained. For convenience in 
drawing, the polygons for the different joints may be incorporated 
in a single diagram as shown in the dead and live load diagrams. The 
closing line of these diagrams serves as a check on the accuracy of the 
drawing, since it must pass through two previously established points, 
viz. points 4 and a. The method of drawing the wind load diagram is 
similar to that for the dead load. In the figure the stresses produced 
when the wind acts on the left-hand slope are shown. It will be noticed 
that the points 3 and 4 on the diagram coincide, thus indicating that the 
wind pressure on the left-hand slope produces no stress in the member 
3-4. When the wind changes its direction and acts on the right-hand 
slope the magnitude of the wind stresses in the various members will 
undergo a change, and a second wind load diagram might be constructed 
for the changed loading conditions. In the present example this is 
unnecessary b^ecanse of the symmetry of the frame and end conditions. 
The maximum wind stresses in the members of the left-hand half of the 
irame occur when the wind acts on the left-hand slope, and similar stresses 
are produced in corresponding members in the right-hand half of the 
frame when the wind acts on the right-hand slope. The total stress in 
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each, member varies from a minimum Trhen the dead load only is acting, 
to a maximum when the wind acts on one or other of the slopes. It 
is convenient for purposes of design to tabulate the forces in the 
members due to the various loading conditions in the manner shown 
on page 328. 

Design of Members of Pnncypals . — ^The axis through the centre of 
gravity of the section of each member, wherever possible, should lie on 
the frame diagram line so that all member axes at a joint pass through 
the same point, thus avoiding secondary bending stresses. The rivets, 
bolts or pins connecting any member at a joint should, for the same 
reason, be disposed so that their centre of gravity also lies as near as 

S aible on the frame diagram line. In selecting the sections of the 
erent members attention should be paid to the facilities offered by 
the different forms for connections, and in the case of the rafters the 
sections adopted should provide suitable bearings for the purlins. 

Struts - — The rafters are usually made of single angles or tees in 
light principals and of double angles or double channels in the heavier 
types of principals. Although the stress in the rafters varies from a 
minimum at the ridge to a maximum at the shoes, the section of the 
member is made continuous, as the cost of the additional joints, 
necessitated if a varying section be used, would absorb any saving 
there would be in cost of material if the sections be proportioned to 
the stress. The internal struts are generally formed of single or double 
angles, but double fiats or channels, spaced by distance pieces and 
prevented’ from buckling outwards by bolts (see Fig. 129), can be 
adopted as alternatives. ^ 

Where either single or double angle sections are^sed there is always 
an unavoidable amount of eccentric loading due to the impossibility of 
placing the rivets at the connections coincident with the axis of ^ the 
member. To minimise this eccentricity the rivets should be driven 
as near the axis of the member as practical considerations will allow. 
The ends of all struts should be fixed by at least two rivets, even where 

theoiy demands only one, to obtain a certain amount of fixation of 

the ends. 

A series of tests i has recently been carried out on single angle 
struts fixed in a manner similar to those employed in roof principals, 
and the following conclusions were drawn from the results obtained : — 
{a) The resistance varies with the method of fixing ^ the ends. 

Where one rivet only is used at either end the resistance is approxi- 

mately equal to that of a round ended strut. If two or more rivets are 
used at either end a greater degree of fixation is attained with a conse- 
quently increased resistance of the strut. The authors of the paper 
referred to suggest that a “fixation factor./” be used when calculating 
the resistance of such struts. The values of /arrived at were : — 

For a single rivet at either end / = 1*1 

For two or more rivets at either end . . . / = 1*3 
In the tests the rivets were placed closer to the root of the angle than 

^ No. 218, Technological Papers, Bureau of Standards, Pepartment of Gom- 
meroe, Washington, U.S.A, 


Y 
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is usual in ordinary practice, and for this reason it would probably be 
safer to reduce the values of / to 1 and 1-25 respectively. 

This factor is to be used in conjunction with formulae for deter- 
mining the resistance of struts having “ rounded ends” — seeformida 
following. 

(J) “ It is believed that these values of end fixation factor are of 
importance in the design of structures where the end conditions approxi- 
mate to those used in the tests, no matter what formula the designer 
prefers to use.” 

(«) “Formulae of the Eankine-Gordon type represent the results 

fairly well for values of the slenderness ratio up to about 150, but 

for longer columns the results are evidently best represented by the 
Euler formula.” 

Eoof principal struts seldom exceed the ratio 150, so it would appear 



admissible to use Eankine’s formula, page 162, after inserting the 
fixation factors. » r o > e 


Then 




6-75 


1 + 


-L(ir 

8,000 \jr/ 


The above formula applies more particularly to single angle struts, but 
if used for double-angle members a rather larger factor of safety will 
result, since the eccentricity of loading is relatively smaller for such 
members. 

Struts formed of double sections should have intermediate con- 
necting rivets between the panel points to ensure that each of the 
angles, etc., has an equal unit area resistance to that of the combined 
member. 

Ties , — ^The tension members may be made of single or double flat 
bars, angles or round rods. Flat bars are readily connected to the 
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junction plates, but lack lateral stiiBEness and are for this reason often 
supplanted by angles in the lower ties. Bound bars require eyes or 
foTKS at the ends for connection purposes, and are thereby specially 
liable to defective workmanship. They also possess little resistance to 
bending, and therefore are unsuitable for use in long horizontal 
members. Single flats when riveted to single junction plates and 
single or double angle ties are always subject to eccentric loading— see 
Example 35—whioh must be taken into consideration in designing such 
members. 

The minimum sectional area of a tie is determined by dividing the 
maximum load on the member by the allowable working stress. As 
this minimum area occurs at a section in which rivet holes are situated, 
the gross area of the tie will be the minimum area required plus the 
area of the number of rivet holes in the weakest section. Where 
round bars with screwed couplings are used the area at the bottom of 
the thread must be used as the sectional area of the tie. The pro- 
portions of eyes and forks forged on the ends of tie rods have been more 
or less standardized by different authorities from results of destructive 
tests. Fig. 246 shows a commonly adopted standard of proportions, 
the dimensions of the eyes being given in terms of the diameter of the 
tie rod- 

The diameter d-i of the pin and the thickness t of the eye or fork 
may be determined as follows : — 

Let P = pull in the tie in tons. D = diam. of tie-rod in ins. 

/, = safe shearing stress on the pin in tons per sq. in. 

};= „ bearing „ „ „ 

di = diameter of pin. 


Assuming that the double shearing resistance of the pin is 1| times 
that of its single shearing resistance, and since the shearing resistance 
must equal the pull, 


p=u(jiiy.) 


or 


As the bearing resistance of the pin must also equal the pull. 

P = ditfj, 

t=^ 


Assuming /, = 5 tons per square inch 

/b = 8 „ 

r ^ ^ » » 

where ft « intensity of stress in the tie. 


then 

h 



= 0-83D 


and 
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From above 






d]ft 

= 0 7D 


The minimum area of the connecting plates h 

= (h^dx)t, 

where 5 is the width of the plate. 

For the resistance of the plate in tension to equal the pull in the 





Omneaim plates may be used either singly or in pairs. Where the 
principal members are formed of double sections, single plates will 
usually be the more convenient ; but if single section members are 
employed, double connecting plates enable the rivets to be used in 
double shear, thus reducing the number of rivets required. The plates 
should not be less than f of an inch in thickness and generally wm be 
proportioned to give a bearing resistance to the rivets equal to their 
shearing resistance. At any section of the plate its sectional area 
must be capable of transmitting the forces imparted to it by the rivets. 

The_ calculation of the required number of rivets or bolts in the 
connections follows the same principles as those described in Chapter IV. 
for beam connections. ^ 

Ezajiiplb 35, — Design of a steel roof principal and purlins for a span 
(f 70 feet and a spmng of principals of 12 feet. The covering to consist 
of slates laid on hoarding and common rafters. One shoe of the principal 
to he fixed and the other free to slide horizontally. ^ 

The members to be proportioned on the following allowable workine 
stresses : — ® 


•Porlins (B. tons per square inch. 

Tension members . . 6 „ „ 

Compression members safe stresses as determined by the Rankino 
formula on p. 162. 

6 tons per square inch for single shear; 

. double shear times single shear. 

Rearing . . » . . 8 tons per square inch. 

A mteble type of principal for such a span is shown diagram- 
maticahy m_ Fig. 247. Making the rise J of the span the spacing of 
6 ptirlins IS found to be 9*8 feet and tke area of slope supported by 
¥ie intermediate purlins ='117-6 sq. , rr j 

dieadload^*^' weights of materials given in Chapter II. the 


^^ rozMnate weight of principal 


16 lbs. per sq. ft. . 

46 cwts. 

87-5 cwts. per principal. 
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WM Load , — ^Prom F^. 239 the normal wind load for this slope 
= 23'6 lbs. per sq. ft. 

Purlins . — ^Load on intermediate purlins : — 

Covering = 16'8 owts. 

Snow == J X 37'5 = 4-7 „ 

Total . 2^5 „ 


(This load acts vertically.) 
R'ormal wind load = 


23-5 X 117-6 
112 


= 24-7 cwts. 


Component of the dead load acting normally to the slope 
= 21-5 X 0-88 = 18-9 cwts. • 

2a^ a 

Component of the dead load acting parallel to the slope 
= 21-5 X 0-44 = 9-5 cwts. 

Maximum bending moment on the purlin due to the combined 
loads acting normally to the slope 


(24-7 + 18-9) X 12 ft. X 12 
20 X 8 


= 89-24 in.-tons. 


Maximum bending moment due to the dead load component 
acting parallel to the slope 


9-5 cwts. X 12 ft. X 12 
20 X 8 


= 8-55 m.-tons. 


Various forms of steel or timber purlins might be adopted and a 
consideration of their relative cost and availability would probably 
decide wW form to use in practice. Here a steel channel will be 
adopted as furnishing a ready means of connection to the principal and 
common rafters. The depth of the purlin should not be less than 
the span or excessive deflection is probable. 


Try an 8" x 3^" X 22-7 lbs. channel. 

Modulus of section about axis parallel to slope = 15-94* 

normal „ = 2-84' 


•3 


Maximum stress = = 5-5 tons per square inch. 


This stress is iiear enough to the maximum specified stress for 
' practical purposes, and the section may be adopted. 

The channels can be obtained in 24-feet lengths, so joints will occur 
on alternate principals, and joints in neighbouring purlins ^so be 
arranged so that they do not occur on the same principal. If a double- 
angle rafter be used the channels can be fixed directly to the rafters by 
bolts, and to provide fish plates at the joints and additional lateral 
stiffness 5" X 3^" X |" angle cleats riveted to the rafters and bolted to 
the purlins can be employ^ 
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ptitlms at the shoa hare oalj half the load of the intermediate 
pnrlms and a single angle 7 x 4 X | will be found to supply the 
aeoessmy strength The angle could be fixed to the rsCfters by angle 
cleats wWh would also act as fish plates at the purlin joints However 
there would be little saving by adopting the angle so to avoid multi 
phoity of sections this purlin will be made of a channel similar to the 
intermediate purlins 

A timber rid e will foim a suitable bearing for the common rafters 
and can be connected to the principal rafters by splayed an le cleats 
The dead load in this case will act axially to the rid^e whilst the wind 
load will be inclmed to the ridge axes The iidge cannot deflect 
kterally without stramin the common rafters and purlins on the 
leeward slope The resistance offered by these members is more than 
sufficient to take the wind load on the ridge since at such time they are 
not called upon to resist any other wind load The ridge may there 
fore be designed to resist the dead load forces only 

The bending moment produced by the dead load 


‘’I 6 X 12 X 12 
8 


= 887 in cwts 


The depth of the udge will reqmre to be at least 8 to fit between the 
common rafters and the principal and to provide bearmgs for the 
common rafters the width should not be less than 4 


Using pr^h pine the ultimate moment of resistance 


-96 cwts X 8 xlEx 


=s 4096 in cwts 


Eaotorot safety = 10 6 


which 18 more than ample but for the piactical reasons stated above 
fBiihot be reduced 

The detailed design is shown in Figs 2t>0 and 251 

Loai on Frmeipal — Dead load on each intermediate jomt — 

Covering and snow load = 41 cwts 
weight of purhn =20 
Proportion of weight of prmcipal = = 6 75 

Total = 2^ 
say SO cwts 

Wind load on each intermedute joint = 24 7 say 25 cwts 

86rm Dtagram — The stress diagrams for the dead load and for 
the wind aotm" on either slope the left hand shoe being supported on 
a sliding bearmg are drawn in Fig 247 When drawing the diagrams 
a dtffionjty IS met ’frith when the joint D-E-5-4-3-2 is reached Here 
lfc«e are three unknown forces and the usual procedure provides for only 
Thepettuts 4 5 and 6 on the dead load diagram may be obtained 
In fcbaftllowmg'mannffl: Select on the line e-& any point 5 and draw 
lijiB 8*-4' a'-4<and 6-4 parallel 6-4 and 6-^ on the principal 





so obtaining the point 4'. The correct position of the poSat 4 is ot 
the line 3-4. By moving the triangle 5'~4“6' in a direction paraM 
to ^5' until the apex 4' rests on the line 8-4, the correct positions of 
4, 5, and 6 are obtained. It will be noticed that in all three diagrams 
the stress lines 1-2 and 5-6, and 8-9, 12-13 are in the same straight 


Wind Dtaqram 


Wmd Oft rti^hh 


Wind Oft feft. 


Fia. 247. 


line. This is due to the joints O-D-2-1 and B-F-6-5 being equally 
loaded, and in all such cases the pgjnts 5 and 6 may bo obtain^ by 
producing the stress line 1-2 until it cuts the lines 6-5 and/-6. 

The stresses in the members as scaled from the diagrams are given 
in the following iable* 
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Memljer, 

Stresses. 

Length of 
struts. 

Dead load. 

Wind on left. 

Wind on Tig^. 

Total maximum 
stress. 


c^ts. . 

GWtS. 

cwts. 

cwts 

ft 

0-^1 

268 

123-2 

70*4 

386:2 

9-8 

D ^2 

260 

123-2 

70*4 

3 ? 3 “ 


E-n 

237-5 

123-2 

70-4 

860-7 


F - 6 . 

223 

123*2 

70-4 

846*2 


&-8 

223 

62-8 

132*8 



H-^9 

287-6 

62-8 

132-8 

370-8 


K -12 

250 

62 8 

132*8 

882-8 

r >>*■ 

]>13 

1-2 

268 

25*6 . 

62-8 

26 

182*8 

0 

S 96 ‘ B , 

>> 

4-3 

8 -^ 

54 

49*6 

0 

103-6 

8-6 

6-6 

26 *&' 

26 

0 

61-6 

4 ; 3 ' 

8-9 

25 - B ' 

0 

24*4 

60 

/•3 

10-11 

64 ‘ 

0 

60 

104 

8-6 

12-^13 

26 - 6 ' 

0 

24 4 

60 

4-8 

A -1 

236 / 

104-8 

64 

340-8 



A -8 

202-6 

73-6 

64 

276*1 



A -7 

129 

11-2 

60 

189 

— 

Acll 

202-6 

10 8 

128 

830-6 



A -13 

286 

10*8 

166*8 

392-8 



2*-8 

33-6 

80-4 

0 

63-9 

_ 


38 5 

80-4 

0 

63-9 



9^10 

33*5 

0 

30 

63-6 



11-12 

83-6 

0 

80 

63-6 


4 r 7 

77-6 

63-2 

6*2 

140 7 



6-7 

110-6 

94 

6*2 

204-6 

.1.. 

8-7 

110-6 

0-8 

96-8 

207-3 



10-7 

77-6 

0-8 

69*2 

146-7 

— 


The total stress in any member varies according to the direction of 
ISii& wind, the maximum stress being the sum of the dead load stress, 

2 1 the larger stress produced by the wind acting on either slope. 

hough not subject to quite the same stresses, corresponding members 
in the principal have been made of the same section for symmetry. 

7 77 selecting the type of section for these members 

consideration must be paid to the facilities 
offered for the connection of the purlins and 
truss bracing. A double-angle section will 
most probably supply the necessary strut re- 
sistance and also afford suitable bearings for 
the purlins. If double sections be used for 
all internal members the connecting rivets will 
be in double shear with single junction plates 
only, and there^ will be no unduly large con- 
nwions. In this example single junction plates 
will be adopted iwe | inch thick through- 
out, to keep the sparing of the double section 
rnemOBM Bonscant andlia ayo|4 pai>kihgs^wh^iwer jpos^dble^ 



EOOFS 


MflTiTYinm load On the rafters = 19*79 tons. 

Strut length = 9*8 feet. 

As a trial section iSke two 6"“ x 3^^ X 0*8" angles, Fig. •iSS!" 
Badins of gyration about XX = 1*6" 

„ % „ YY = 1*2^' . 

Using formula given on page 822. Sectional area = 4*6. 


safe load = 


1 + 


6-75 X 4*6 
1 / 117*6 Y 

8000 U *26 X 1*28; 


= 18 tons. 


This is less than the maximum load on the strut. Two 5" x 8" x |" 
angles have a safe load = 22*8 tons, which is rather ’more than is 
theoretically required ; hut little loss of economy will result from their 
adoption. 

Using I" dia. rivets in the connections, the resistance of one rivet 

in double shear = 0*6 sq. in. x 5 tons X 1| = 4-^tons 
in bearing in f plate = X X 8 tons = 3*5 tons 
The bearing resistance being the lesser will be used in calculating the 
number of rivets required. At the shoe the load = 19*79 tons. 

19*79 

Bivets required = -g:g^ = 6 


At the ridge the load = 17*8 tons 
17‘8 

Bivets required = = 5 


The rafter angles should be riveted together at intermediate positions 
between the member junctions to reduce the strut length of the single 
angles, so that the safe unit load on the single angle will be, at least, 
equal to that on the double-angle section. 

Let r, = least radius of gyration of the double angles = 1*26" 
r = „ » .. single angles = 0*65 

7i = length of strut of double angles = 9*8 feet. 

I = „ „ single angle. 


Then 

from which 



9*8 X 0 G6 
1*26 


= 5*06 feet.- 


Theoretically one intermediate rivet only is necessary, but in pradace it 
is usual to space such rivets at ^out 3 feet centres, so two iat^rmediate. 
rivets will be used. 



3S0 


STETJCTUEAL ENGINEERING 


Mrtcts 8-4 10-11. 

Load = 6,2 tons. Strat length ~ 8-6 feet. 
Try one 4" X 3" x f angle. • 

Least radius of gyration = 0-64". 

, 6-76 X 2-48 

= - — 1 . y ids- T 


1 + . 




= 5-4 tons. 


8000 \V26 X 0‘64> 

This section is suitable. 

^siug y' dia. rivets, resistance of one rivet 

in single shear = 0*6 sq. in. X 5 tons = 3 tons 
in bearing = X X 3 tons = 2*6 tons. 

5*2 

Number of rivets required = — = 2 


X f angle. 


1-2 emd 6 - 6 . 

Load = 2-6 tons. Strut length = 4'3 feet 
To provide the necessary width for riveting, one table of the angle 
should not be less than 2 | ins. Try one 21" x "" 

Least radius of gyration = 0-42 in. 

Safe load = — ' . , ■ „ „ =44 tons 


1 + , 


/ 51-6 Y 

0\l-26 X 0-42/ 


8000\l-26 X 0-42.^ 

This is in excess of requirements, but for practical reasons a smaller 
pgle is undesirable. Using | in. dia. rivets, resistance of one rivet 
m single shear = 0’44 sq. in. x 5 tons = 2 2 tons 
in bearing = | in. x J in. x 8 tons = 2‘2 tons. 

Number of rivets required = |^= 2 . 

Ties' J-13 and xl- 11 . The difference of loading on these members 
_ ^ =s 3.3 tons, and the difference of sectional area 

3*2 

required = "^ = 0*53 sq. in. If two angles or two flats be used for 

each member the difference of area of each flat or angle will be only 
0*27 sq. in. in the different members. The saving of this small 
difference would not repay the cost of the additional connection rivets 
and plates necessary if a change of section is made. The section 
adQi)ted for A-13 will therefore be made continuous and used in both 
membaps. 

Maximum load = 19*64 tons. 

If two flats be used the minimum area required 

= “'^^ ^ 3*27 sq. ins. 

Aflowiiig,one^in. diameter nvet hole through the double section, 
flat thickness ^ in.^the area of the rivet holes 
- X J) = 0*94 sq. in. 

3*27 -h0*94 = 4*21 sq. ins. 

4*21 

=.^^-^ = 4-21 ins. 


ai-ea of tie 
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The nearest rolled width is 4| ins., and this wiU be adopted. 

If angles be nsed in place of flats, the rivets being eccentrically 
placed with regard to the centre of gravity 
of the section will canse bending stresses in 
addition to the direct tension. To minimise 
the bending the rivets should be placed as 
near the neutral axis of the section as the 
forming of the rivet heads will allow. 

Try two 5" x 3" x 0*3" angles and place 
the rivets If ins. from the bottom edge of the 
section. I'm. 249. 

Then the eccentricity = 0‘1 in. 

Bending moment = 0‘1 X 19'64 = 1'964 in.-tons. 

Modulus of section about X—X = 1'764 x 2 

1‘964 

Maximum bending stress = ^.^54 ^ 2 ~ 

Note. — If the rivets had been pitched 2| ins. from the bottom edge 
the max im um tensile stress due to bending would 

= ^ O^i ' ^ P®’^ 

The net sectional area of the angles 

= 2(2'3 - X 0-3) = 4’04 sq. ins. 

19‘64 

Direct stress = = 4*8 tons per sq. m. 

Maximum combined stress = 4’8 + 0’55 = 5 ‘35 tons per sq. in. 
Number of i in. diameter rivets required at the connections 

19-64 

Tie A-7. — ^Maximum load = 9-45 tons. 

Using two I in. flats and one | in. diameter rivet in the section. 

9.45 

Minimum sectional area required = = 1-57 sq. ins. 

Area of two in. dia. holes = 2 x {f" X |" = 0-7 „ „ 

Gross area = 2-27 „ „ 

2*27 

Width of flats = = 3 ins. 

-a A a 

9-45 „ 

Number of | in. dia. rivets required in the connections = = o* 

Very often a single angle is used for the middle tie, but if the 
effect of the eccentric loading be considered a most uneconomical section 
results. A 5" x 8 " X 0*8" angle has approximately the same sectional 
area as the two flats selected for this tie. 

Assuming the rivets to be coincident with the axis X — through 
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fte centre of gravity of the section— their most favourable position- 
then— 

Eccentricity of force = 0'91 in. 

Modulus of section about T — Y = 0‘69 in. 

Bending moment = 9‘45 X 0‘91 = 8‘6_in.-ton& 

8‘6 

Maximum stress due to bending = = 12'4 tons per sq. in. compn. 


Direct stress == = 8-7 

^ O 


tension. 




Tie. s^A. 


Max. combined stress = 8-7 „ „ compn. 

This section therefore would be too highly stressed, 
and a single angle of the requisite strength would need 
to be much heavier and therefore less economical 
It is desirable where angles are used as ties to employ 
only double-angle sections. 

Ties 7-8 and 7-10. Again a continuous section 
for these members would be of practical advantage. 
Maximum load = 10*3C tons. 

-*Ur Adopting two 2 in. fiats with one |in. rivet in the 

1 U section, 

Minimum sectional area required 

= ~g— = 1 73 sq. ins. 

Area of two in. dia. holes = 0^ „ „ 

“*• Q-ross area = 2’43 „ „ 

Width of flats = =3’24 ins. 

2 X I 

Say two 3^ in. X | in. flats. 

Number of | in. dia. rivets required in the connections 
~ 3-5 ~ ® 

An alternative section of two angles can be found by following the 
procedure of the design of ties A-13 and A-11. 

Ties 2-8 cmd 4-5. Maximum load = 3'2 tons. For direct stress 

8*2 

only, the miEimum sectioaal area required = — = 0*53 sq. in. 

If a single flat be used there will be, in addition to the direct stress, 
bending stresses set up by the bending moment = 8*2 x Z in.-tons, 
which will cause the total stress to be very high owing 
to the small resistance to bending of the flat. It is, 
therefore, desirable and economical to employ a double 
flat section to avoid the bending action. 

If 5 in._ diameter rivets be used in the connections, 
the least width of flat should be 2 ins. to provide ample 
metal to the sides of the yivet holes, and a minimum 
thickness of metal of fin. is desirable. 

Two 2 in. X I in. flats have a net sectional area 
= 2(2 - if)f in. =5 0*89 sq. in. 
of I in, disanmet rivets required i^ the connections = 2. 









Rivei-s / ’dfa where noh dimensioned 
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A vertical suspender has been inserted from the ridge to the middle 
tie to prevent excessive sag in the tie. This suspender does not take 
any primary stress. 

The detailed design is shown in Figs. 250 and 251. The sliding 
shoe rests on a cast-iron bearing plate secured by rag bolts to a stone 
bearing block built into a wall. The wall is pocketed at the principal 
shoe. This shoe is formed by angles riveted to the frame memters 
and to a shoe plate, the rivets on the underside of the plate being 
countersunk. The fixed shoe is connected to a plate girder valley beam 
by a junction plate riveted to the girder stiffener. The valley gutter 
rests on timber packings fixed to the valley girder by coach screws. 
Glazing is shown in the roof slope. ^The glazing bars are made of 
timber, nqtched on to and secured by wood screws to timber runners on 
the tops of the purlins. Patent metal glazing bars could, as an alterna- 
tive, be fixed by screws in a similar manner. 



Hipped ends of roofs are supported by one-sided principals, as shown 
in the diagrammatic sketch, Fig. 262. The full lines show three such 
hip principals converging on to the ridge of the first full principal. 
In large spans small principals shown dotted at a and 5 may be intro- 
duced to reduce the span of the purlins. Each of these hip principals 
IS in the nature of a trussed rafter forming a lean-to supported at the 
shoe by the wall and at the ridge by the first full principal. The ties 
marked c are introduced for lateral stability only and take no primary 
stress^ The purlins transmit dead and wind loads to the hip rafters, 
the panel loading on which is equal to the purlin reactions. The 
reactions at the shoe and ridge bearings of the hip rafters can be found 
in a similar manner as for the reactions of fixed ended principals, the 
elevation of the ridge bearing in no wise affecting these reactions. 
The vertical components of the ridge reactions form an additional load 
on 'the first full principal, whilst the horizontal components will be 
distributed throughout the length of the roof by the ridge bar and 
resisted by the roof structure as a whole. The stresses in the members 
of the hip rafters can be found by the usual stress diagram method. 
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The connections of the hip rafters to the full principal are formed by 

bent plates. , . , 

Cantilever 253 and 254 snow the frame and stress 

diagrams for two single cantilever principals. The dead and wind loads 
can be estimated in the usual manner, and the stress diagrams drawn 
previous to calculating the reactions. 

In Kg. 253 the reaction Ri must be equal to and opposite in 
direction to the force in A5. Knowing, then, the resultant load P and 
the reaction Ri, R 2 must pass through a?. In the stress diagrams Rj 
is represented by ah and P by ae, therefore eh must represent Rg. 
The direction of R 2 is of course parallel to the line joining x, the inter- 
section point of P and Ri on the frame diagram, to the apex E. 



In Fig. 254, Ri will be equal to and opposite in direction to the 
resultant of the forces in the members A4 and 4-5, %,e. ah in the 
stress diagrams. Again, from the triangle of forces eh represents 
the reaction R 2 . 

The signs of the stresses in the rafters and lower members corre- 
spond to those in the chords of any cantilever, being tpsile in the 
rafters and compressive in the members Al, A3, etc. It will be noticed 
that the direction of-slope of the web members affects the individual 
magnitudes of the vertical components of the reactions, but the horizontal 
components remain constant. The horizontal components produce an 
overturning moment on the roof support, which must be resisted by 
either the moment of resistance to bending of the column where such 
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is used, or by ‘the stability of the wall to which the prinoipaiS are fixed. 
Where the support consists of a column at each principal, the forces 
acting on any section X — ^X, Fig. 255, situated between Rj and E 2 , 
are : — 

{a) The combined vertical downward pressures of the dead and 
wind load forces in the members at the apex = Vi. 

(5) The combined horizontal dead and wind load forces at the 
apex = Hi* 

The former is a direct load on the column and the latter produces 
a bending moment on the section = x The column must be 



designed to resist the combination of direct load and bending moment. 

If A = area of column section, 

M = modulus of section, 

then the maximum stress on the section 

Vi , HixZi 

It is obvious that this stress increases from a minimum at the apex 
of the roof to a maximum at the lower principal connection to the 
column. 

At any section Y — of the column below Ej the direct load will 

z 
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be the algebraic sum of the vertical components of the stresses in the 
principal members at the connections to the column. These equal the 
total dead load plus the vertical component of the wind load, Le, P + V 
as shown on the stress diagrams. The horizontal components of the 
forces at the upper and lower connections act in opposite directions and 
the bending moment on the section = Hi x Z 3 -H 2 X Zg, where Hi 
and Hg are the horizontal components due to the combined dead and 
wind loads. The maximum stress on the section 

_P + V , HixZa-HgXZg 

“ A M 

The combined resultant of the dead and wind loads on the roof = E, 
Fig. 255, whose direction is inclined downwards towards the column. 
The bending moment on the column will therefore decrease towards 



the bottom of the column, and hence the maximum stress will occur at 
the level of the connection of the lower principal member. 

Where the roof principals are fixed bo a wall, the rafters and lower 
struts should be connected to distributing beams B and Bi, Fig. 256, to 
prevent local failure of the brickwork and to bring the whole length of 
wall between the principals into action in resisting the overturning 
moment produced by the loads. The resistance to overturning will 
then be supplied by the weight of a length of wall equal to the distance 
between the principals and any loading D there may be from floors, etc., 
resting on the wall. 

Let R = the resultant of the combined dead and live loads. 

V = weight of wall above any section Z— Z under consideration. 

D = weight of floors, etc. 
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Taking moments about the edge m of the wall 

Overturning moment = E x Z4 

Moment of stability = (W + D)| 

For the wall to remain .stable, the moment of stability must be at 
least equal to the overturning moment. To prevent tension on the 
joints in the right-hand face of the wall, the resultant pressure must 
fall within the middle third of the thickness see page 390 . 



The vertical component of the resultant pressure E^ 

= D + W -f- vertical component of E 

= D + W + P + V 

Then the moment of this force about m must be equal to the sum of 
the moments of the individual forces about the same point. 

That is, R X Z4 - (W + d) I = (W + D + P + Y)r 

To avoid tension in the brickwork x must be at least equal to ^ and 

must not exceed §/. . , 1 . i. n 

The horizontal component of Rp is the horizontal shear on the wall 

section at Z — Z. 
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If the wall projects considerably above the apex of the roof, the 
wind pressure on such area will have a stabilising moment on the wall, 
and the critical conditions may then be when the wind is not acting. 
Under such conditions E = P and V = 0, and the foregoing equation 
reduces to 

PxZ'4-(W + D)| = (W + D + P)a 


The wall may fail by shearing at B due to the pull in the rafter or 
by overturning or crushing between B and Bi. Below Bi the over- 
turning moment is constant when the wind is not blowing or a decreas- 
ing quantity under wind action, so then the critical section occurs at Bj. 

noulh Gantilever Island platforms are often covered by a 

double cantilever roof supported by a central row of columns. The 
dead load is balanced about the column in which it produces no bending 
stresses. The wind acting on one slope produces a similar bending 
moment on the column to that produced by the wind acting on the 

single cantilevers of Figs. 253 to 
256. The members of the leeward 
cantilever are not stressed by the 
wind pressure. The stresses in the 
windward cantilever and the bend- 
ing moment on the column are 
found by the methods employed for 
single cantilevers. 

Pnncvpals with Gumd Rafters . — 
The normal wind pressure on princi- 
pals supporting curved roofs, varies 
m intensity from a maximum at the 
shoe to a minimum at the ridge, 
owing to the slope presenting a 
decreasing resistance from the shoe 



upwards, to the horizontal wind force. Each panel load will be 
the product of the area of slope supported and the intensity of wind 
pressure, as given in Fig 239, for a slope tangential to the curve 
at the panel point, and its direction of action will be normal to the 
tangent. Thus the panel point loads will be unequal and non- 
parallel for equal spacing of the panel points. The resultant of the 
panel loads can be found as in Fig. 258, where the loads to scale 
have been arranged end to end, the resultant being obviously equal to 
hg in magnitude and direction, since the sum of the vertical components 
of the loads = hx and the sum of the horizontal components = xg. The 
position of the resultant on the frame diagram can be obtained as 
follows : Select on Fig. 258 any point o about opposite the midpoint 
of the load line and join o iol),c , * . g. From any point h on the 
line of action of the load BO, draw Tcl parallel to oc and terminating on 
the line of action of the load OD. From I draw Im parallel to od and 
terminating on the line of action of DE. Oontinue this process to p. 
Through h and p draw lines Icr and pr parallel to oh and og respectively. 
These lines intersect at r, which is a point on the line of action of the 
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resultant load P. Drawing P, through r, parallel to Ig^ establishes the 
position of the resultant. 

If both shoes of the principal be fixed, the reactions will be parallel 
to the resultant load, and their magnitudes can be determined by taking 
moments about either shoe ; 

Pxs-E2X^=0 

Ej = P — Rg 

If one shoe only be fixed the reactions can be found by the method 
of Fig. 244. The dead load presents no diflBculties, the panel point 



loads and reactions being determined as for v principals. If the 
upper member be actually curved and not straight between panel points, 
there will be a varying amount of eccentric loading on that member, and 
the bending moment thus produced must be taken into consideration 
when designing the section of the member (see remarks, page 254, on 
curved upper chord of bowstring girder). 

Calculation of Stresses by the Method of Sections.— This method 
of calculating the stresses in any frame is based upon the following 
principle, proved in mechanics ; if a structure be in equilibrium, the 
algebraic sum of the moments of all the forces acting in one plane, and 
to either side of any section, about any point in that plane, must 
be zero. 
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Suppose the roof principal in Fig. 269 be subject to the vertical 
loads radicated in the figure. To find the stress in any member, say 
AB, draw a section X-X cutting such member. The forces acting to 
the left of the section X-X are : the reaction at A and the stresses in 
the members AB and AD, cut by the section. For those forces to be 
in equilibrium the sum of their moments about any point m the plane 
of the principal must be zero. By taking moments about any point I 
in AD, Kg. 259, c, the moment of the stress m AD will be zero, and 
there remains then only the unknown moment of the force in AB. 
The portions of the figure to the left of the sections XX, YY, and ZZ 
are reproduced to a larger scale in Kgs. e, d, and e. 

Let SiB, SbCj s^, etc. = the stresses in the respective members. 

Denoting all clockwise moments as positive and anticlockwise 
moments as negative, then for the stress in AB, taking moments about 
the point Fig. 259, c, 

21 X 6' + S^B X 2' 8" = 0 

. . _ _ 21 X G 

•• 2G7 

= - 47*2 cwts. 

The above value of being negative indicates that its moment 
about I IS anticlockwise, and therefore the force in AB acts towards the 
joint at A. Hence the stress in the member AB is compressive. 

To calculate the stress in the member AD take moments about the 
point a, Fig. 215, c. 

21 X 4*5 + Sad X 2*38 4- S^b X 0 = 0 

Sad = — 40 6 CWts. 

The negative sign again indicates an anticlockwise moment. The 
force in AD will therefore act from the joint at A and be of a tensile 
character. 

To find the stress in the member BO take a section YT, cutting 
that member and the least number of other bars. The forces to the 
left of the section YY are : the reaction at A, the load at B, and the 
stresses^ in the members BO, BD, and AD, cut by the section. The 
forces in the members BD and AD acting through the point 1), their 
moments about D are zero. The only unknown moment is therefore 
that due to the stress m BO. Taking moments about D, Fig. 259, 

21 X 15 - 14'x 7i + Sbo X 6*75 = 0 

. Sjjc == — 31T cwts. 

The value of Sbc being negative, the force in BO must act towards 
the joint at B, and therefore BO is a compressive member. 

To find the stress in BD. Take moments about A, Fig. 259, d, 

21 X 0 + 14 X 7*5 + Sbd X 7*125 + Sbc X 0 + Sad X 0 = 0 
Sbd == “ 14*7 cwts. 

The moment of Sbd about A being anticlockwise, the member BD 
will he in compression. 
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To find the stress in CD. Take the section ZZ cutting the members 
BO, OD,_ DE, and DF. The forces on the left of the section are : 
the reaction at A, the load at B, and the stresses in the members BO, 
OD, DE, and DP. As the principal is loaded symmetrically, the 
stresses in DE and DP are equal to the stresses in BD and AD 


1 



respectively. If the loading were not symmetrical the forces in DE 
and DP would be calcnlated in a similar manner to the forces m BD 
and AD. 

Taking moments about A, Fig. 259, e, 

21 X 0 + u X 7*5 + Sbc X 0 + Sue X 5*41 + S^p X I'GT + Scd X 15 = 0 
14 X 7*5 + 14 7 X 5 41 + 40*6 X 1-67 + Scb X 15 = 0 
/. Scd = - 16*8 cwts. 

The moment of Scd about A being anticlockwise, the member OD is 
in tension. 
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Wind load stresses for all the members may be obtained in a 
similar manner. 

It ■was shown in the wind diagram of Eig. 246 that no wind stress 
occurred in the member 3-4 when the wind acted on the left-hand slope 
of the roof. This is clearly demonstrated by the above method of 
calculation. Take a section XX, Eig. 260, and moments about the 
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right-hand shoe, of all the forces acting to the right of the section— 

(Rj -j- 8^4 Sqj) X 0 - 1 - Sj)_4 X a = 0 
83-4 X a = 0 

that is, there is no stress in the member 3-4. 

Eig. 261 is another example of the graphical method of determining 




I'm. 261 . ^ 

fclie dead load and wind load stresses in a roof principal. The com- 
pressiye stresses are indicated by the heavier lines. 

In Fig. 262 are drawn the stress diagrams for a double cantilever 
roof. The dead load diagram presents no difficulties, but the Wding 
action in the member 3-4 makes it impossible to obtain a closed wind 
load diagram of the direct forces in all the members. The magnitude 
of the bending moment at the lower end of the member 3 — 4 equals 
E X 6. By calculating the horizontal force at the apex necessary to 
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balance this bending moment and plotting it at dkl on the wind diagram 
a closing point 4' is obtained. The stresses produced by the wind in 
the member 8-4 are, the direct compressive stress 3-4' and the stresses 
dae to the bending moment x /. All other stresses in the diagram 
are the direct stresses in the respective members. 



Wmd DiacjKam Dead Load Diaqram. 

Fia. 262 . 

TlweB-lduged Arch Roofs . — Roofs of this description are frequently 
used for exhibition and other buildings requiring very large span roofs. 

The pms or hinged joints allow the apex 
of the roof to rise or fall when, owing to 
changes in temperature the expansion or 
contraction affects the length of the arch. 
The increase in stress in the members of 
rigid and two-hinged arches due to 
changes in temperature is considerable 
and very tedious to estimate, but the use 
of the third hinge at the crown allows of 
changes in the length of the arch without 
affecting the stresses in the frame. 
Suppose a vertical load W be supported by a three-hinged arch and the 
reactions be Ej and Eg, Fig. 263 

Let Vi and Vg be the vertical components of the reactions. 

Then the vertical forces being in equilibrium 

W=Vi + Tg 
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Taking moments around the base hinges 
-Wx = lJ or Ys = -^ 

and 'WQ-x) = Y,l or = 

Taking moments about the crown, of the forces to the right 

^4 = 8x1) (1) 


where H = the horizontal component of either reaction. 
Substituting for 



To produce equilibrium the horizontal components, H, of the 
reactions Ba and E 2 luusfc be equal. Let a = the angle of inclination 

of the reaction R 2 . Then tan a = -jp 


From the equation (1) above -g = 
tan a = 


1 

D 

T 

2 


The reaction E 2 must therefore pass through the crown hinge. 
Knowing the lines of action of two of the forces acting on the arch, the 
direction of the third, Ri, may be obtained, since all three forces must 
pass through the same point. Producing Rg through the crown hinge it 
cuts the load line at a. Joining the left-hand hinge to a gives the direction 
of Ri. The magnitude of the reactions may he obtained graphically 
by a triangle of forces. 


The same construction h( 
vertical. Taking moments of 
Fig. 264, 



tan a =s ^ 
H 


good if the load be inclined to the 
forces to the right, about the crown. 



D 

T 

2 
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Eg must therefore pass through the crown. 

If each half of the arch be loaded, the reactions may be found 
graphically by treating each load separately and combining the 
reactions so found, Fig. 265. 

The reaction at the left support 

due to Wj = El" 

9) 5J W = E/ 

The total reaction = Ei 

The reaction Eg is obtained in a similar manner. 

If the loads be equal and similarly disposed 
then Yi = Vg = Wi = W 
and the vertical shear at the crown 

= Vi - Wi = 0 

The force on the hinge at the crown must therefore act horizontally, 
and the reactions and thrust at the crown may be found graphically as 
follows, Fig. 266. Through the crown draw a horizontal hne to cub 
the load line in «. Join a to the base hinge. Then al is the line of 
action of the reaction. The magnitudes of Ei and H are again obtained 
by means of a triangle of forces. 




Fig 267. 


If the two halves of the arch be unequally loaded the thrust at the 
crown will be inclined. Fig. 267. Its direction and magnitude may be 
found by the following construction. Obtain the reactions Ei and Eg 
by the above methods and draw the force diagram ‘Wi, Wg, Ri, and Eg. 
The thrust on the crown is then equal to db^ the horizontal component 
of which equals the horizontal component of either reaction and the 
vertical component equals Wa — Yg, or Yi — Wi. 

In Fig. 268 are drawn the dead load stress diagram for the left- 
hand half of a three-hinged arch and the wind stress diagram for the 
whole arch, the wiml assumed acting on the right-hand slope. The 
positions and magnitudes of the resultants of the dead and wind loads 
are found by means of polar and funicular diagrams. The dead load 
on the two portions of the arch being equal, the thrust on the centre 
pin due to that load will he horizontal. Tiie magnitudes of the reaction 
ab and the central thrust am are obtained on the dead load diagram. 
The dead load stresses in the members of the right-hand portion will be 
similar to the stresses in the corresponding members of the left-hand 
portion. Since the wind exerts no pressure on the left-hand half of 
the truss, the reaction Ei, due to the wind, passes through the centre 
pin. Eg passes through the right-hand pin and the intersection of Ei 
and the resultant wind pressure. The reactions on the wind stress diagram 
are obtained by drawing parallels to Ej and Eg from I and W, the ends 
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according to the direction of the wind. For example, the stresses in 
the member 10-A are — 

Due to dead load compressive ; 

„ wind on the right - compressive ; 

„ ,, left tensile. 

The maximum compression in this member will therefore occur 
when the direction of the wind is right to left, and will be the sum 
of the dead and wind load stresses. The minimum compression or the 
maximum tension will be the difEerence of the stresses due to the dead 
load and the wind acting on the left-hand slope. The nature of the 
stresses in the other members of the same panel are given in the 
following table. 


Member. 

Stress due to 

Maximum 
compression 
= stresses in 
columns 

Maximum 
tension 
r= stresses in 
columns. 

Dead load 

Wind on right 

Wind on left 


1 

2 

3 



11-H 

compression 

tension 

compression 

1+3 

2-1 

10-11 

tension 

tension 

compression 

3-1 

1+2 

11-12 

compression 

compression 

tension 

1+2 

3-1 


Roof Details . — In Fig. 269 are shown details of a number of methods 
of attaching various coverings to the structural members of roofs. 
Glazing bars are usually fixed to timber purlin and ridge bars by means 
of copper screws, details A and B, and to steel purlins by copper bolts 
as indicated in detail 0. Lead flashings preserve water-tightness at 
the junctions, and where the form of glazing bar necessitates a space 
between purlin and glass, wind bars of lead or other non-corrosive 
metal are employed to fill up such space. The glass is prevented from 
slipping down the slope by copper clips bolted to the glazing bars and 
bent under the glass. Details E and F are examples of the connection 
of skylight bars occurring in the middle of a roof slope covered with 
corrugated sheeting supported on steel purlins. The sheeting in each 
case IS fixed to the purlins by hook bolts, as shown in detail D. The 
same detail also shows the ridge of such a roof with a pressed galvanized 
cover. Detail G is a suggestion for the apex of a northern light roof 
covered with glazing on the steeper slope, and slates on boarding on 
the opposite slope. Detail H is a common method of fixing weather 
boards to the eaves of a cantilever roof suitable for a station or loading 
platform. 

Fig. 269a shows the general arrangement of a Warren girder roof 
The area is spanned by parallel Warren girders having bays of 12' 6" 
to 16' 6" length and spaced 20' to 30' apart. The web members of 
the girders act as principal rafters, and intermediate prmcipals are 
carried by the longitudmal beams B framed in between the mam 
girders. These also carry the valley gutters V. The roof slopes 
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intersect the upper chord 0 of the girders, the roof covering being 
suitably trimmed and flashed around the chord. This type of roof 
finds much favour for machine shops where absence of columns and 
good lighting are specially desired. 





CHAPTEE XI. 

MISCELLANEOUS APPLICATIONS AND TALL BUILDINGS. 

Design for Lattice Eoof Girder. — S'pm 36 feet. D^fh ift. 6 m. To 
ccerry Ihefeet of prinevpals of two adjacent roof spans of 50 feet. Booj 
principals 12 feet apart. The general arrangement is shown in Fig. 
271, A The roof pitch is 1 to 2, and the loading is assumed as 
follows : — 

Covering and snow at 20 lbs. per square foot of area covered 
= 12 X 50 X 20 = 12,000 lbs. for one principal. 

Weight of principal = |DL(^1 + ^) = i X 12 x 50(1 + 

= 2712 lbs. 

Normal wind pressure on one roof slope per 12 feet lengtli,at 25 lbs. 
per square foot = 28 feet (length of slope) x 12 x 25 = 8400 lbs. 
Reactions due to wind pressure 

Q,t 8400 lbs. X H = 5787 lbs. 
and at 5 = 8400 - 5797 = 2613 lbs. 

The central girder d provides the smaller reaction for the right-hand 
roof span and the larger reaction for the left-hand span when the wind 
blows from the right. The total inclined wind load on girder h at the 
points of support of the principals is therefore the total normal wind 
pressure of 8400 lbs. On the outer girders at a and e the inclined wind 
load will be equal to the larger reaction of 5787, say 5800 lbs. 

The vertical component of the inclined pressure of 8400 lbs. 

= 8400 X ^ = 8400 X cos 26^° = 8400 x 0-894 
= 7509, say 7500 lbs. 

The total vertical loading concentrated at points h and h Fig. 271, B, 
is therefore for the central girder, 

due to covering and snow .... 12,000 lbs. 

„ two half principals .... 2,712 „ 

„ vertical wind load .... 7,500 „ 


22,212 lbs., say 10 tons. 

The principals at m and n being supported directly by the columns, 
do not affect the stresses in the girder. 

The weight of the girder will be assumed as 3 tons, distributed 

352 
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equally amongst the upper joints. The vertical loading and stresses 
are then as indicated in Fig. 270, 

The horizontal component of the normal wind pressure causes lateral 
bending of the girder, and although some portion of the lateral bending 
moment will be resisted by the longitudinal roof members and transmitted 


S 8 8 ® s? 8 

-htO 06 ^ ^ ^ +29 6/ ^ +29 6/ ^ 



by diagonal wind bracing (where provided) to the columns, the amount 
of the horizontal wind load so resisted is very uncertain, and it is only 
reasonable to make the girders strong enough to resist the whole. 

The horizontal component of wind pressure at h and Pig. 271, B, 
= 8400 X sin26i° = 8400 x 0*446 = 3746, say 3750 lbs. = l'67tons. 
Hence lateral bending moment between h and h 


3750 x 12' X 12 
2240 


5= 241 inch-tons. 


Flanges, — The flanges over the five central panels consist of two 
4^" X 3" X angles and two 12" X |" plates. The outer plate is 
suppi’essed over the two end panels. 

For the moment of inertia of the flanges about YY, Fig. 271, C, 

I^ for one angle = 2*55, from section book ; 

Iy „ „ = 2-55 + (3*5 X 3*75") = 51*5 

ly „ four angles = 51*5 x 4 = 206 inch units, 
ly „ four 12" X plates = ^ x ^ X 12^ X 4 = 216 
Total ly for both flanges == 206 + 21 G = 422 

941 X 6 " 

Stress due to lateral bending = — = 3*43 tons per square inch. 

Sectional area of top flange =16 square inches. Maximum com- 
pression in central bay = 29 oi tons, and compression per square inch 
29*61 

due to vertical loading = tons. Hence maximum intensity 

of compression in top flange due to vertical and lateral loading 
= 3*43 + 1*85 = 5*28 tons per square inch. 

The net section of the lower flange after deducting four | in. rivet 
holes = 14^ square inches, and maximum tension due to vertical loading 

= = 2*1 tons per square inch. Adding the stress due to 

lateral bending, maximum intensity of tension in lower flange = 2*1 
+ 3*43 = 5*53 tons per square inch. The actual value is a little 
higher than this, since no rivet holes were deducted in calculating ly 
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for the lateral bending. These working stresses are sufficiently low to 
allow a fair margin for the impact effect of the wind pressure. It is, 
however, very improbable that the maximum wind pressure would ever 
be applied instantaneously. It will be noticed further that the TTmTimTiTn 
wind load has been assumed on the left-hand roof span, whereas this 
would be sheltered to some extent by the right-hand roof. 

The moment of inertia of the upper flange section about TTr, Pig. 
271, D, works out at 29 units, and least radius of gyration = VH 

I 48 

=1*35 in. The panel length is 48 in., 'whence - = = 3G, and average 

safe load on top flange supposing the ends rounded = 13,700 lbs. or CT 
tons per square inch. The average working stress is much below this, 
so that the flange is amply safe against buckling. 

Struts . — Struts 1 and 2, Figc 271, H, consist of two angles 
Bi" X 2J" X i" tied together by bolts and tube separators s, s, Fig. 271, 
E" The maximum compression = 11*32 tons. Assuming one-half 
resisted by each angle, compression in one angle = 5*66 tons. This is 
eccentrically applied since the angle is riveted to the gusset plate by one 
leg only. Fig. 271, F, shows the dimensions concerned. The eccentricity 
is 1*45 in., y-g being the axis through the c.g. of the angle section. The 

5*66 

sectional area ~ 2*75 square inches, and direct compression = 

c= 2*06 tons per square inch. B.M, due to eccentricity of load 
= 5*66 X 1*45 = 8*2 inch-tons, for the section = 1*43, hence com- 
pressive stress due to bending 

8*2 X 0*7 

= — — = 4*0 tons per square inch 
l*4o 

and maximum intensity of compression = 2*06 + 4*0 = 6*06 tons per 
square inch. As the struts are not long relatively to the radius of 
gyration, this intensity is not excessive, and they are further stiffened 
by the separators. Strut 3, beneath the shoes of the principals, is 
combined with gusset stiffeners to give lateral rigidity, and to assist in 
transferring the lateral wind load to both flanges of the girder. It 
consists of four 2^" x 2^" x angles, with f in. gusset plates. Struts 
4 and 5 have very little compression to resist, but cannot well be made 
of smaller sections than 3" x x f" for practical convenience in 
riveting. They may be subject to somewhat higher stiesses under the 
action of a rolling gust of wind. 

Ties . — These have been proportioned for a working stress of G tons 
per square inch on the net section. Those in the first three panels 
from the column, having ^practically the same stress, will be designed 
for 15*09 tons. Using two flats, stress in one bar = 7*55 tons. Net 
7*55 

sectional area ^ = 1’2C sq. in. Adding for one rivet-hole 

I" X = 0*375, gross section = 1*2G -f 0*375 = 1*G35 sq. in. A 
3J" X i" flat gives 1*75 sq. in. The ties in the three central panels 
have very little stress. Two flats 3" X I" have been employed. The 
central panel is counterbraced. Fig. 271, H, shows the general 
elevation of half the girder, and 6 a part sectional plan with detail of 
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connection to a box section column. Sole plates 2' 8" x 12" x are 
placed 12 ft. from each column, to which the feet of the adjacent roof 
principals are bolted. The number of ri7ets are arranged on a basis of 
4 tons shearing stress and 8 tons bearing stress per square iuch 
respectivelj. The connection to the column is made through two 
vertical angle cleats 3" X 3" x i" bolted to the column by ten | in. 
through bolts. All gusset plates are J in. thick. 

Design for Crane Jib. — Lengthy 45 ft. Load, 3 tons. To lift at 
2J ft. per second and slew at 6 ft per second, toith 1 ft. per second 
acceleration for both If ting and slewing {Fig. 272). Loioest position of 
jib inclined 30° with the horizontal. Inclination of baclstays 15°, and of 
rope 20°. 

The nominal load lifted = 3 tons. Allowing 0*25 ton for the 
weight of chain, bob and hook, total weight lifted = 3J tons. This 
will be doubled to |)rovide against shock due to possible slipping of 
tackle, giving an equivalent load lifted = ions. 

Accelerating force in lifting = ^ = 0-1 ton. 

Maximum tension in chain = 6*5 + 0*1 = 6*6 tons. 

In Fig. 272, A, AB inclined 30° represents the jib, and ATi and AT 
the chain. Setting off AT, ATi, each = 6*6 tons, the resultant AR is 
obtained from the parallelogram ATRTj. Draw RB parallel to the 
backstay AS, and AB scaling 25^ tons gives the direct compression in 
the jib due to the tension in the two portions of the chain. 

Approximate Weight of^ Jib. — ^Adopting 2^" x 2^" x f' angles and 
2J" X I" fiats for the bracing on upper and lower faces, and 2J" x 2^" 
X 0*3" angles and 2^" X I" fiats for the side bracing, an approximate 
estimate of the weight of the jib runs out at 1*75 tons. 

Stress due to Weight of Jib. — With the jib in an inclined position, 
its own weight will give rise to both direct compression and bending 
stress in the main angles forming the section of the jib. In Fig. 272, 
A, set off AE = 45 ft , and draw the vertical CD through M the middle 
point of AE. Join EC. AO and EC give the directions of the 
reactions at the pulley and hinge ends of the jib respectively, due to its 
own weight. Note that the c.g. of the jib has been assumed at M. 
Although the lower half is wider and consequently somewhat heavier 
than the upper half, the additional weight concentrated around the 
pulley head will practically neutralize the effect of the greater weight 
of the lower half on the position of the c.g. 

Make CD = 1*75 tons and draw DF parallel to the backstay AS. 
OF = the reaction at the hinge E, and DF scaling 2 96 tons = pull in 
backstay due to weight of jib^. DF is transferred to AG, and resolved 
along and perpendicularly to the jib, giving AH = 2*85 tons and 
HE = 0*77 ton respectively . The component AH acting along the jib 
represents the direct compression applied by the backstay due to weight 
of jib, whilst the component AK acting at right angles to the jib 
causes bending moment at any section. 

Considering the central section at M. The weight of the jib being 
distributed and not actually concentrated at M, the compression due to 
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its own weight will be cumulative from A towards E, consequently the 
weight of the upper half AM must be taken into account in calculating 
the compressive and bending stresses on section M. LN = ^ weight of 
jib = 0*875 ton is resolved at LP and LQ. LP = 0*44 ton = the 
additional direct compression accumulated from A to M over and 
above that applied by the backstay. LQ = 0*76 ton = the component 
of the weight of AM causing bending moment at section M in the 
opposite sense to that caused by AK. Then at section M, direct com- 
pression due to weight of jib = AH -f- LP = 2*85 + 0*44 = 8-29 tons, 
and bending moment due to weight of jib = 0*77 x 22*5' — 0*7C 
X 11*25' = 8*77 foot-tons = 105*24 inch-tons. 

The section adopted at M is shown at Fig. 272, b, consisting of 
four steel angles 3^' x 3^" x 0*425". From the section book the 
sectional area of one angle = 2 8 sq. in. and 1^. = 3*22. 

Hence for the four angles Ix = (3*22 -f- 2*8 x 10*95^) x 4 = 1356. 

105 "24 y 12" 

Stress due to bending = — — = ± 0’9S ton per square incL 

loOo 

Direct compression =: 26*25 tons due to chain tensions + 3*29 tons 

due to weight of jib = 29*54 tons, or = 2*64 tons per square inch. 

The direct compression is slightly greater than this on account of the 
slight batter of the main angles. As the difference between slope 
length and axial length of jib is very small, this has been neglected. 

Hence maximum compression due to load lifted, weight of ]ib, 
accelerating force in lifting and bending of jib in vertical plane 
= 0*93 + 2*64 = 3*57 tons per square inch. 

Slewing. — The force necessary for accelerating the load during 
slewing acts at the pulley end of the jib horizontally, and gives rise 
to lateral bending moment. 

Accelerating force for load = ^ = 0*1 ton. 

32 

Considering the central section of the jib, the force necessary for 
accelerating the upper half of the ]ib also acts horizontally and creates 
additional lateral bending moment on the central section. The centre 
of inertia of the upper half of the jib is situated at 0*77 x 45 ft. 
= 34*6 ft. from the slewing axis, here taken as the foot of the 31 b. 
The acceleration at outer end ol jib = 1 ft. per second, therefore at 
0 77 of the jib length, the acceleration = 0*77 ft. per second, and 
accelerating force for upper half of jib = 0*875 x 0*77 X ^ = 0*021 
ton, acting at 34*6 — 22*5 = 12*1 ft. from central section. Hence, 
bending moment at central section due to accelerating the load and 
weight of upper half of jib = 0*1 x 22*5' + 0 021 X 12*1' = 2*5 ft.-tons 
= 30 in.-tons. To this must be added the bending moment caused by 
wind pressure on the side of the jib and on the load lifted. 

Sending Moment due to Wind Pressure. — A safe outside allowance for 
wind pressure will be made by assuming 40 lbs. per square foot acting 
on the total projected area of one side of the jib, taken as a continuous 
surface. Only the ends and central portion are actually plated, and the 
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above allowance will cover the wind pressure acting on the latticing of 
the leeward side. 

Mean breadth of upper half of jib = 19 in., and c.g. is 10'5 ft. from 
centre of jib. 

Therefore wind pressure on upper half of jib = 22J x -^1 x 40 
= 1425 lbs., acting at a leverage of 10*5 ft., and bending moment at 
central section = 1425 X 10*5 = 14,9G2 fb.-lbs. 

The wind pressure on the load lifted, assuming 30 sq. ft. of effective 
surface in the case of bulky loads, = 30 X 40 1200 lbs., acting at a 

leverage of 22*5 ft. from central section, and bending moment due to 
this pressure = 1200 x 22*5 = 27,000 ft.-lbs. 

Hence total bending moment due to lateral wind pressure = 14,962 
4- 27,000 = 41,962 ft.-lbs. = 225 in.-tons. 

The lateral deflection caused by the wind pressure and accelerating 
forces still further increases the lateral bending moment, since the 
direct compression along the jib then acts eccentrically. This increase 
is, however, small — about 20 to 25 in.-tons, and is neglected, since 
ample allowance has been made for wind. 

Total lateral bending moment = 225 in.-tons due to wind + 30 in.- 
tons due to accelerating forces = 255 in.-tons. 

In Pig. 272, B, the moment of inertia of one angle about yy = 3*22, 
hence ly for four angles = (3*22 + 2*8 x 16*3^) x 4 = 2988, and stress 
due to bending 

= = ±1*60 tons per square inch. 

2988 ^ ^ 

Hence, maximum intensity of compression at central section of jib 
from all causes = 1 60 4- 3*57 = 5*17 tons per square inch. This 
intensity occurs in the upper leeward angle at 7r. 

The stresses on the lower end of the jib are next considered. 
These are caused by direct compression, due to load and weight of 
jib, and B.M. due to wind pressure and accelerating forces. 

Direct Compression, — This has been already determined, and = due 
to load 26*25 tons, and due to weight of jib = 2*85 (axial component 
AH applied by backstay) + 2PL (axial component of total jib weight) 
= 2*85 + 0*88 = 3 73 tons. 

Total direct compression = 26*25 + 3*73 = 29*98 tons. 

Bending Moment dw to Wind Pressure.— Projected area of jib 
= 45 X in., and total presssure = 45 X X 40 = 2850 lbs. 

B.M. at foot of jib — 2850 x 22*5' = 64,125 ft.-lbs. 

B.M. due to wind on surface of load = 1200 x 45' = 54,000 ft.-ll s. 

Total B.M. = 64,125 ■+• 54,000 = 118,125 ft.-lbs. = 632 m.-tons. 

Bending Moment due to Accelerating Forces, — Por the lead = 0*1 ton 
X 45' = 4*5 ft. -tons. 

45 

Por whole weight of jib, centre of inertia is ft. from foot, and 

accelerating force = 1*75 x X ^®^* 

45 
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Total B.M. = 4-5 + 0-83 = 5-38 ft.-tons = 04 in.-tons. 

Total B.M due to wind pressure and accelerating forces = 632 
+ 64 = 690 in.-tons. 

The cross-section at foot of jib is shown at Fig. 272, o. 

Iv = (3-22 + 2-8 X (27-55)®) X 4 = 8514 
69G X 30^^ 

Stress due to bending = — — = ± 2*46 tons per square inch. 

29*93 

Direct compression = = 2*54 tons per square inch, and 

maximum intensity of compression at foot of jib = 2*4G + 2*54 = 5*00 
tons per square inch. This intensity occurs at the outer edges m, m, of 
the leeward angles. 

The general design of the jib is shown in Fig. 272, n. The middle 
portion of the sides is plated for a length of about 10 ft. to give 
greater stiffness against buckling. The details at hinge and pulley 
ends is shown at e and f. At E cast-steel bracketed eyes K are 
bolted through the angles, and side plates with packing plates inserted 
as indicated by the shading. These hinges bear on a 4-in. pin passing 
through a pair of bearings Y, Y, Fig. 272, c, bolted to the crane 
carriage or framework. 

Shearing and Bearing Stresses on Fin. — Direct compression down 
29*98 

each side of ]ib = = 14*99, say 15 tons. Distance centre to 

centre of bearings Y, Y, = 4 ft. Total B.M. on side of jib = G9G in.- 
tons. Hence pressure on leeward* bearing, or uplift on windward 
bearing, due to B.M = = 14*5 tons. Adding the direct pressure 

of 15 tons, total pressure on leeward bearing = 29 5 tons. Bearing 
area = 4" x 4" = IG sq. in., and bearing pressure per square inch 
29*5 

= = 1*85 tons. Distance between outer faces of bearing = 4 ft. 

4 in. Shear force on pin due to lateral bending = = 13*4 tons 

Adding the direct pressure, total shear force at leeward section of pin 
= 13*4 + 15*0 = 28*4 tons. Sectional area of pin = 12*57 sq. m., and 

28*4 

mean shear on pin = = 2*26 tons per square inch. The bearing 

and shear stresses should be low, since the pin undergoes considerable 
wear and tear. 

The pulley end carries a 30 in. diameter pulley and chain guard, 
the pin diameter being 2J in., and the pulley eye bushed with bronze. 
The sizes of lacing bars and angles indicated will be found ample for 
resisting the stresses caused by the lateral loading of the jib, treated 
as a cantilever. It is unnecessary to calculate these in the case of a 
light jib of this type. 

Design for Riveted Steel Tank. — Capacity, 20,000 gallons. The 
tanh to le carried on girders and columns, so that when filled the water- 
level shall he 25 ft. above ground-level. 

Such conditions are representative of those required for locomotive 
feed tanks, etc. Fig. 273 shows the general arrangement and details. Side 
and end elevations are shown at A, and an enlarged plan at B, on which 
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the arrangemenfc of covers and joints is indicated. The sides consist of 
three plates, 8', 12', and 8' long X 6' 3" high ; the ends of one plate 12' 6" 
X 6' 3", and the bottom of seven plates 4 ft. wide, running transversely 
and turned up to form a butt joint at h with the side plates. The joints 
in the bottom are covered by tee bars inside, turned up to form vertical 
stiffeners for the sides. Yertical joints in the sides occur at J, J, in 
the plan. All outer joints and horizontal inner joints are covered by 
flat straps. The end and bottom corners are cmved, and forged bosses 
are placed at the four bottom corners, the detail of which is shown at 
C. The tank is supported on four longitudinal rolled steel beams L, 
4 ft. 2 in. centre to centre, resting on three transverse beams T, carried 
by six columns 18 ft. high. Stays are inserted as indicated subsequently. 

The principal features of the design are as follows. 

Thickness of Plates . — Span 4 ft. Head of water 7 ft. 6 in. Load 
per square foot on bottom due to water pressure = 62*5 x 7'5 = 469 lbs. 
or = 39 lbs. per inch width of plates. 

Max B.M., assuming the plates simply supported at the joints, 


8 


39 X 4 X 4 X 12 
8 X 2240 


= 0*418 in.-ton. 


Assuming a working stress of 9 tons per square inch. 

Moment of resistance = |xlx^®x9==0*418 
whence thickness t = 0*528 in., say f m. 

It may be noticed that a somewhat thinner plate would result if the 
plate be supposed to act as a fixed instead of a simply supported beam. 
The actual strength of flat plates employed under such conditions lies 

between the two above-mentioned limits, so that is an outside 

estimate of the maximum bending moment on the plate. The side 
plates being subject to a maximum head of 6 ft. 3 in. would require a 
theoretical thickness of J in., but for practical reasons would be made 
the same thickness as the bottom plates. A small additional stress 
will be caused by the weight of plate, which has been neglected since 
amply covered by the calculation. 

Bottom Transverse Tee-covers . — ^These transfer the load on the 
plates to the longitudinal bearing girders. Their span is 4 ft. 2 in., 
and their actual resistance lies between that of a simply supported and 
a fixed beam. Each rib carries the weight of a volume of water 7 ft. 
6 in. deep x 4' x 4' 2" 

= ^ ^ ^ 

2240 

B.M. at centre = ^ ^ = 21-81 in.-tons. 

8 

The effective beam section resisting this moment is shown at Fig. 
273, D, and is assumed to consist of the inner tee stiffener, outer cover 
J in. thick, and portion of | in. plate between. The modulus of this 
section after deducting two ^ in. rivet holes = 4*3 ins.® 


21*81 

Hence maximum bending stress = = ^'07 tons per square inch. 
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(Sitoi/s.— Transverse and longitudinal stays are taken across the tank 
at 4 ft. and 4 ft. 2 in. intervals respectively, at the centre of height of 
the sides. Fig. 273, L, is a diagram of intensity of water pressure against 
the side per 4 ft. width of tank. 

ai = i X C2J X 7| = 1876 lbs. per 4 ft. width, 

and the horizontal breadth of triangle ale gives the intensity of pressure 
at any depth. The total pressure against the side per 4 ft. width 

= abx^ = 1876 X 3J' = 7035 lbs. 

acting through the centre of pressure at level 

Taking moments round a — 

tension in stay x 3' 9" = 7035 x 2' 6" 

whence tension in stay due to horizontal water pressure = 4690 lbs. 
= 2T tons. 

This tension will be augmented due to the overhang at the sides. 
The increase of tension from this cause will be calculated by taking 
moments about e. 

Weight of volume of water cfea per 4 ft. width 

=s ^ ^ ^ y 1-05 tons. 

2240 

Adding for weight of side of tank per 4 ft. width, 950 lbs. or 0*43 
ton, total overhanging weight per 4 ft. width = 1*05 + 0*43 = 1*48 
tons. The common centre of gravity is 10| in. to the left of e. 

Taking moments about e — 

tension in stay due to overhang x 3|' = 1*48 x 
whence additional tension in stay = 0 35 ton. 

Total tension in stay = 2*1 + 0*35 = 2 45 tons. 

In Fig. 273, B, which shows an enlarged cross-section of one half of 
the tank, flat stays L and T are employed. Round stays better resist 
corrosion, but sag more severely under their own weight. The longi- 
tudinal stays L, being 30 ft. 6 in. long, are arranged to rest on the 
transverse stays T in order to relieve them of part ot the bending stress 
due to their own weight. Adopting flat bars 3" x the bending 
stress due to the weight of the transverse stay T, and the 4 feet lengths 
of the longitudinal stays L, L, resting on it, works out to 0*93 ton per 
square inch. 

Direct tension = ^ = 1*63 tons per square inch 

and maximum tension = 1 G3 + 0*93 = 2*56 tons per square inch. 

Smaller stays might be used, but this size wiU provide a margin 
for corrosion ; | in. bolts at K will be suitable. 

The upper half of the sides above the stays. Fig. 273, L, resists 
the horizontal water pressure P by cantilever action, when not stayed 
across the top of the tank. 

Pressure P per 4 ft. width of side = J the pressure for the 7 ft. 



364 


STETJOTUEAL BNGINBBEING 


6 in. deptt = J X 7035 = 1759 lbs. applied at 1 ft. 3 in. above the 
level of attachment of stays. 

Hence B.M. on side = — ■ ■ ^ - = 11-8 in.-tons. 

This is resisted by the section Pig. 273, D, the modulus of which 
is 4-3, 

1 1*8 

bending stress = =2*8 tons per square inch. 

The stress due to this bending action will be somewhat higher on 
the ribs intermediate between the vertical joints, since the effective 
beam section is there reduced by the absence of the outside | in. plate. 

There will be direct tension across the tank bottom, "due to the 
reaction required to balance the horizontal forces acting on the sides, 
which = total horizontal pressure on side — horizontal pull in stay due 
to this pressure = 7035 - 4G90 = 2845 lbs. per 4 ffc. width of tank. 
This creates a negligibly small tension in the plates, which would be 
entirely annulled if the stays were attached at ff. 

A close pitch of riveting, say 2| in., will be required to ensure water- 
tightness, and all joints will be caulked. Eivets J in. diameter will be 
suitable. 

The weight of the tank as designed runs out at 16*8 tons. 

Longitudinal Girders, — The load applied at each bearing-point of 
the tank on the two central longitudinal girders = 3| tons. These 
girders are continuous, and one-half the B.M. diagram is drawn at 
Pig. 273, F, and the characteristic point m found by the method of 
Example 9, Pig. 47, Chapter III. The maximum moment occurs at 
the centre, and = 22*3 ft.-tons = 267*6 inch-tons. 

Using X 9J" X 51 lbs. B.F. beams, the modulus = 52*2, and 
267*6 

working stress = = 5*12 tons per square inch. The B.M. on the 

two outer girders is less than on the central ones, but all four are 
necessarily of the same depth. 

Transverse Girders, — The central reaction cf the longitudinal girder, 
calculated from the bending moment diagram P, by the method of 
Example 9, is 16 tons. Each of the two central longitudinal girders 
therefore applies a load of 16 tons to the central transverse girder. 
This loading is shown at Fig. 273, G-. The two outer loads do not 
affect the bending moment, being directly over the column. 

Maximum B.M, on transverse girder = 16 x 4i x 12 

= 800 inch-tons. 

Using a 12|" X 12" x 85 lbs. B.P. beam, the modulus = 115, and 
working stress = pjg = 6*95 tons per square inch. 

Columns. — The maximum load comes on the two central columns, 
and equals the sum of the central reactions from one central and one 
outside longitudinal girder, plus a portion of the weight of the beams. 
If the B M, diagram for the outside longitudinal girder be drawn in a 
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similar manner to that at F for the inner girder, the central reaction 
will be found to be 12*3 tons. 

Hence load on one central column 

= from inner longitudinal girder . . . 16*00 tons 
„ outer „ „ ... 12-30 „ 

of weight of longitudinal girder . . 0*85 

^ weight of transverse girder .... 0*27 „ 

Vertical component of stress in wind tie 

(determined below) 2*50 „ 

Total . . 31*92 „ 

say 32 tons. 

The column, if free to bend as at Pig. 273, H, will act as a round- 
ended column 36 ft. long. The stiffness of the connection with the 
central transverse girder and the action of the diagonal wind braces, 
will tend to cause bending as at K, in which case the equivalent round- 
ended column would have a length of 18 feet. The real strength will 
he between these two extremes, but it will be advisable to design the 
column as at H, since the connections are not likely to be very rigid, 
and the wind pressure acts on a relatively large surface. 

Using an 11^" x 11|" X 75 lbs. B.F. beam — 

Sectional area = 21*9 sq. in., least radius = 2*66 in., and - 

T 

36 X 12 

= g.gg - = 163. The safe load per square inch for this ratio, from 
Fig. 109 = 3200 lbs. 

Total safe load = — ^ ^ f = 31-3 tons. 

2240 


The maximum load to be carried is 31*92 tons. 

W%nd Pressure ^ — The wind pressure on side of tank at 35 lbs. per 
square foot 


^30Jj^iXj50^3 5tons. 


3 5 

Frictional coefficient with tank empty = = 0*21. Tanks 

presenting a large area to the wind pressure may require bolting to the 
pillars or girders by suitable brackets and bolts. 

Length of wind ties = 24 feet. 

Horizontal component of wind stress in central ties = | x 3*5 tons 
= 2*2 tons. 

24 

Inclined stress = 2*2 x = 42 tons, and vertical stress = ^ x 4*2 

= 2*5 tons, which gives the pressure to be added as above to the load 
on the leeward central pillar. 

For the diagonal braces a small angle section, say 2-' X 2J x f", 
flat, or round bars may be used. 

Three holes are provided in the tank bottom for supply, draw-off, 
and overflow pipes. 
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Tall Buildings. 


These comprise types of construction principally developed in the 
United States, in which steel framework is carried to much greater 
height than usual. Some of the most notable examples are the Smger 
building, New York, 612 feet high, the Woolworth tower. New York, 
792 feet ; the Penobscot building, Detroit, 551 feet, of forty-five storeys, 
the Chicago Tribune and the Chicago Board of Trade building of forty 
storeys. The Larkin Tower, it is stated, will be 1208 feet high and will 
contain one hundred and ten storeys. The distinguishing feature of 
these buildings is the lightness of the covering employed for the walls, 
which, together with that of the steel frame, enable such heights to be 
attained, without unduly loading the foundations, which in New York 
and Chicago are of generally poor bearing power. The foundations for 
the columns are consequently usually constructed of the grillage type 
already referred to. 

In the older buildings the exterior walls are self-supporting, the 
floors being carried independently by the steel framework. In the more 
modern structures, both walls and floors are carried by girders and 
ultimately by the columns. This method enables any portion of the 
walls to be commenced independently as convenience allows, and renders 
it possible to provide more closely for uniform settlement of founda- 
tions. In the case of an existing party wall, W, Pig. 274, the footings 



of which may not he further loaded or interfered with, exterior columns 
such as A are frequently canied on cantilever girders, G, balanced by 
the load on one or more neighbouring columns as B. 

Live Loads on Floors,— TlhQ Building Code of New York City 
prescribes the following uniformly distributed live loads (1928) 

Por residence purposes 40 lbs. per square foot. 

„ places of assembly 100 „ „ 

„ class-rooms in schools 75 

. offices GO :: 

„ business and other occupancies, 

other than those stated above . 120 „ „ 

The Code also provides that every steel floor beam in any building 
hereafter erected, to he used for business purposes, shall be capable 
of sustaining a live load concentrated at its centre of at least 4000 lbs. 
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Oolamns, posts, or vertical supports mxist be designed for the total live 
load and dead load to be supported, excepting that in buildings more 
than five storeys in height, the live load on the floor next below the 
top floor may be assumed at 95 per cent, of the allowable live load, 
and on the next lower floor 90 per cent., and on each succeeding lower 
floor a correspondingly decreasing percentage, provided that in no case 
shall less than 50 per cent, of the allowable live loads be assumed. 

For side walks between the curb and building lines the live load 
shall be taken at 300 lbs. per square foot. For yards and courts inside 
the building line the live load shall be taken at not less than 120 lbs. 
per square foot. 

The Building Ordinance Regulations in Chicago prescribe (1928) : 
Buildings for the sale, storing, and manu- 
facturing of merchandise, and garages . 100 lbs. per square foot. 
Offices, hospitals, hotels, and club rooms .50 „ ,, 

Private residences 40 „ „ 

Assembly halls, theatres, and churches . . 100 „ „ 

Apartment buildings 40 „ „ 

Schools 75 „ „ 

Department stores 100 „ „ 

In school buildings those parts exclusive of the floors in assembly 
halls, the corridors and stairs shall not be required to support a live 
load exceeding 40 lbs. per square foot. The stairways and their stair 
haUs in buildings of all types shall 
be required to carry 100 lbs. per 
square foot. The roofs of all 
buildings shall bear, in addition 
to the weight of their scructure i 
and covering, 25 lbs. per square 
foot. 

Details of Construction.— The 
steelwork of columns is covered 
by hollow fireproof terra-cotta tiles 

2 in. to 3 in. thick, bonded together with an air space left between 
the tiles and column faces. Examples of such coverings are shown 
in Fig. 275. 

Floors , — The floor girders are similarly protected by the systems of 
terrr-cotta floors in general use. Fig. 276 gives a typical example of 




Fig. 276 


these floors by the Pioneer Fireproof Construction Company. The 
floor consists of fiat arches of tile voussoirs, abutting on the parallel 
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joists, forming the primary framing of the floor. Table 28 gives 
particuhirs and weights of such types of floors. The weight of concrete 
and timber covering forming the floor surface requires adding to the 
weights stated in the table, and a further 5 to 8 lbs. per square foot if 
the under surface be plastered. In the best systems the vertical webs 
of the hollow tiles run transversely to the carrying joists, these being 
known as “ end-systems,” whilst those having the webs parallel to the 
joists are called “side-system” arches, the former being lighter for 
equal strength. 


Table 28.— Weight oe Hollow Tile Floor Arches. 


Span of orcli 

Depth. 

Weight per sq ft 

ft 

In 

IbB 

5 to 6 

8 

27 

6 „ 7 

9 

29 

7 „ 8 

10 

33 

8 „ 9 

12 

38 


Tie-rods T, Fig. 276, are employed for resisting the end thrust of 
such floor arches. The spacing of tie-rods should not exceed twenty 
times the width of flange of floor beams. The approximate thrust 
in flat tile arches is given by— 

T = — lbs. per linear foot of arch. 


Where lo = load per square foot on arch, L = span in feet, and 
d = depth in inches from top of arch to bottom of supporting beams. 
The spacing of the tie-rods being decided, the diameter may be 
calculated from the above thrust, 7 tons per square inch being allowed 
on the net section of bars. 

Fariitwns are constructed of wire lathing or expanded metal tied to 
verticals of light channel section filled in with concrete and plastered 
on the face ; or of slag wool and plaster slabs, or terra-cotta blocks 
2 in. to 4 in. thick. The last named are the soundest and most 

fireproof. For thicknesses of 3, 4, 
5, and 6 inches these weigh IG, 19, 
22, and 23 lbs. per square foot re- 
spectively. 

Roofs are covered usually with 
3 in. book-tiles laid on T-bars as 
in Fig. 277, the T-bars being sup- 
ported by the beams and girders 
forming the roof framing. An outside coating of cement, tar and 
gravel is applied over the tiles. The weights of the floors and roof 
in the Fisher building, Chicago, are as follows : — 



I'm. 277. 
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lbs persq ft. 

Floor — f in. Maple floor 4 

Deadening, cinder concrete on top of floor arch. . 15 

15 in. hollow tile floor arch 41 

Steel joists and girders 10 

Plaster on ceiling 5 

Total .... 75 

lbs. per sq ft. 

Foof—S in. Book tiles 22 

6 -ply tar and gravel roof 6 

T-bars 4 

Steel roof framing 8 

Total .... 40 


Ghmney StacJcs are usually constructed of a steel tube lined with 
firebrick to a height of 60 or 70 ft., and with hollow tiles thence to 
the top, a 2 in. air space being left 
between the steel and lining. 

Pig. 278 shows the sliding ]oint 
J provided between the top of 
the stack and the roof in the 
Fisher building, which allows of 
expansion and contraction with- 
out dislocating the roof tiles. 

Exterior walls are of brick or 
terra-cotta, or brick with terra- 
cotta facing, and are most usually Fig. 278. 

carried by the horizontal girders 

of the outer framing. The weight of the steel framing for buildings 
of 16 to 20 storeys varies from to 2 lbs. per cubic foot of the 
building, and the cost from 2^ to 3 pence per cubic foot, or £14 8s. to 
£17 5s, per ton of steel, representing from y to ^ the total cost of 
the building. 

Wind Bracing , — In the case of tall buildings of light construction, 
the walls and partitions being thin and not bonded together, the steel 
framing must provide all resistance to the wind. In buildings of usual 
proportions of height to width of base, the dead weight is sufficient to 
resist bodily overturning, and the effect of the lateral wind pressure is 
to create bending moment on the columns and horizontal shearing stress 
on the connections, or to increase the compression m the leeward 
columns and relieve that in the windward columns if the building is 
braced diagonally from top to bottom. 

In the case of exceptionally tall buildings which are practically 
narrow towers, the wind pressure may create tension in the windward 
columns exceeding the compression due to the dead weight of the 
building, and so produce an actual uplift on the foundations of the 
windward columns, necessitating their being securely anchored down. 

The usual methods of bracing against the action of wind pressure 
are illustrated below. In Fig. 279 diagonal ties are introduced in a 

2 B 
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suitable number of vertical panels between the columns. This is 
probably the most efficient method. The framing is thereby converted 
into a series of cantilevers fixed at foundation level and subject to 
horizontal loads p, p- The principal objection to this system is its 
interference with window and door openings, for which reason diagonal 
bracing is more frequently placed in some of the internal partition 
walls than in the outer walls. This difficulty is avoided in the 612 ft. 
tower of the Smger building by arranging the bracing as in Fig. 280. 



The corner bays A, A, are braced for the whole height in alternate 
long and short panels H and h, the longer panels extending through 
two storeys. The bracing bars thus intersect near the floor levels F, F, 
leaving uninterrupted openings for windows W in all storeys. 

Fig. 281 shows the more usual methods adopted by employing deep 
and stiff girders G between the columns at the floor levels, or by intro- 
j_ j ducing stiff brackets B in the 

1 1 IT Ifjj TBK case of shallower girders. 

i ^ J 11+ • 

I +|p"~ '^ ~" ^ ^ j . bracing is to create local 

! +t+ i + j Ml 1 bending stresses in the 

I + + G : + ! J i i columns at their i unctions 

j + + I + i 1^ ^ ^ i with the horizontal girders, 

+ [ j +1^ 8,nd the general effect on the 

j + .+ 1 I t framing is shown in Pig. 282, 

._j. j3l JL jjEr the distortion being greatly 

Fig 281. exaggerated. The rigidity of 

the connections is here relied 


on to distribute the bending action of the wind pressure equally amongst 
those columns which are efficiently braced by deep girders, and this assump- 
tion IS the only one on which any approximate calculation of the wind 
stresses can be based. Points of contra-flexure j?, j?, occur at or near 
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the centre of each storey length I of columns, where the bending moment 
due to wind pressure will be zero. Assuming wind pressures P, P, to 
act horizontally at the centre of each storey, 
and the building to be three columns deep as 
in Fig. 282, the bending moment on each column 

P I P^ 

at the horizontal section A will be x = -r. 

o Z 0 

At section B, one-third of the total wind 
pressure above section B may be supposed 
acting at each of the points and the bend- 
ing moment on each column at section B 
2P I PZ 

" T ^ 2 “ F' bending 

3P I "Bl 

moment on each column section = x ^ 

o Z Z 


4P I 


This ‘method of 


, ^ . 2?l 

and at D, ^ ~ “F* 

transferring the wind load to the foundations is 
often referred to as the table-leg ” principle. 

The column section is augmented from 
roof to basement in order to meet the in- 
creasing direct compression and bending moment, and the ultimate 
effect of this ty^e of bracing is to increase the intensity of compression 
alternately on windward and leeward faces of everi/ column so braced. 





To be efficient, the rigidity of the horizontal girders should be large 
relatively to that of the columns, and this result is obtained in modern 
practice by giving such girders a liberal depth. 

When diagonal bracing is employed, the skeleton of the building 
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acts wholly or partially as a braced frame or girder according as the 
bracing extends throughout the whole system of columns, or is only 
employed in certain bays. Fig. 283 indicates the stresses in one frame 
of the four upper storeys of a building four columns deep from back to 
front with diagonal bracing throughout, assuming the wind stress to 
be equally shared by the diagonal braces in each storey ; and Fig. 284 
the stresses in the same building when the central bay is unbraced. 
The diagonals are assumed inclined at 45°. In Fig. 283 it will be 
seen that the vertical tension in the diagonals of the windward bay AB 
is augmenting at the rate of 1 ton per storey, so that the uplift at the 
foundation of column A, if carried down through twelve storeys, would 
amount to (1 + 2 + 3 + 4... + 12) = 78 tons. The foundation of 
column D would be superloaded to the same extent under the maximum 
wind pressure. The compression in columns B and 0 is augmented at 
the rate of 1 ton per storey, but the ultimate load on their foundations 
is not affected, the compression in each storey length of columns B and 
0 being balanced by the vertical tension in the wind tie attached at its 
lower end. In Fig. 284 the bays AB and CD constitute separate canti- 
levers, OD receiving its wind load through the horizontal girders 

traversing the bay BO. The 
uplift on columns A and 0 
at a depth of 12 storeys = 
(li + 8 + 4^ + 6 . . . +18) 
= 117 tons, whilst an increased 
pressure of 117 tons comes on 
the foundations of columns B 
and D at that depth. 

In buildings of exceptional 
height, the uplift on founda- 
tions of windward columns may 
exceed the pressure due to the 
dead and live loads on the 
structure. In such cases the 
columns require efficient an- 
chorage. As an example, ten 
of the mam columns of the 
Singer building are anchored 
down m the manner shown in 
Fig. 285 The maximum uplift 
iu this instance is 418 tons. 
Four steel bolts B, 4 in. in 
diameter, pass through steel 
cross-heads H hearing on heavy 
gussets G riveted to the base of 
the column 0. The lower edges 
of the gussets and column plates 
Pig. 285. are planed to hear on the cast- 

steel shoe S. The bolts pass 
between the beams L, L, of the grillage, below which they are 
attached to a second steel casting embedded in the concrete 4 ft. 
below the grillage. From this casting a series of steel eye bars are 




MISCELLANEOUS APPLICATIONS 


373 


embedded for a further depth of about 40 ft. in the concrete fiHiTig of 
the foundation shaft. These anchor bars are diminished in Tinm^wr 
towards the lower end, an adhesive force of 60 lbs. per square inch 
between their faces and the concrete being allowed in designing then 
sectional area. 



CHAPTER XII. 


MASONRY AND MASONRY STRUCTURES, 

Masonry. — ^The following classes of masonry are principally employed 
in masonry structures. 

1. Unsqmred or Random Eudhle for TiEimporbanb and temporary 
walling. 

2. Squared Rubhle, built either in courses or uncoursed. Built in 
courses, this class of masonry is perhaps most widely used for general 
work. For small walls, the individual stones are relatively small and 
the courses of moderate height, whilst for retaining walls, heavy piers and 
abutments of bridges, the scale of the construction may be magnified to 
any desired degree. Squared uncom’sed rubble is probably superior to 
coursed rubble for work demanding great strength, since vertical bond- 
ing is obtained in addition to horizontal bonding. It is, however, more 
difficult to ensure really first-class work in this than in coursed rubble 
masonry, and largely for this reason uncoursed rubble is not so exten- 
sively used. Probably no class of masonry is so liable to be scamped as 
rubble masonry, since in the absence of very thorough and constant 
inspection, it is an easy matter to give the face work an excellent 
appearance whilst the backing of heavy walls may be practically devoid 
of bond and simply consist of a mass of small and relatively useless 
material. 

3. RulUe Concrete — This is principally employed for the bulk of 
the heaviest engineering structures, such as masonry dams. It may be 
compared to rough uncoursed rubble on the largest scale, in which the 
individual stones consist of masses of rock ranging from a few hundred- 
weights to 7 or 8 tons in weight, whilst they are set in concrete instead 
of in ordinary mortar. Such work requires the external faces covered 
with large squared rubble facing set in cement mortar. 

4. Ashlar Masonry is built of blocks of large size very carefully worked, 
in courses usually of equal height and laid with joints seldom exceed- 
ing one-eighth of an inch in thickness. It is the most expensive class 
of masonry, and its place in engineering work is limited to the facing of 
works to which it may be desired to give a highly finished appearance, 
and to those portions of a structure which must of necessity be given 
very accurate shapes and faces. Such, for example, are internal facing 
of docks, locks, gate sills, quoins, copings, overflows for dams, arches 
and^ the water face of quay walls. Piers are frequently given ashlar 
quoins, whilst occasionally ashlar lacing courses are laid at intervals of 
20 ft. to 30 ft., in rubble-stone piers, to bring up the work to a dead 
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level in order to more uniformly distribute the pressure before com- 
mencing a further rise. Fig. 303 illustrates such an example. The 
blocks in ashlar facing are usually worked smooth, but maybe draughted 
with rock face or other treatment as desired, depending largely on the 
degree of ornamental appearance or otherwise required. 

Although the above names are ordinarily accepted as implying a 
certain class of masonry in general building construction, it is unwise 
for an engineer to undertake to designate a particular class of masonry 
by a special name without at the same time stating in the specification 
a careful description of the kind of masonry intended to be built. 
Class names for masonry vary considerably in different parts of the 
country, and in different countries. The names applied to various 
classes of masonry in America, for instance, would be almost unrecog- 
nizable by an Englishman. Different qualities of coursed rubble are 
variously referred to as “ ranged rockwork,” “ random range work,” and 
ashlar is commonly known as “ dimension stone masonry.” “ Rip-rap ” 
is a purely American term applied to rough irregularly shaped stones 
used for pitching the slopes of earthen dams, as distinct from “ paving,” 
which is usually understood to imply roughly rectangular hammer- 
dressed stone laid dry by hand in regular courses. 

Piers, abutments and retaining walls are frequently built either 
entirely in blue brick or with blue brick facing and stock brick hearting, 
or with masonry facing and brick hearting. In laying masonry and in 
writing specifications for masonry three essential aims should be borne 
in mind. 1. Uniformity of bearing on each course or horizontal section. 
2. Absolute solidity with absence of voids. 3. The most perfect bonding 
attainable so that the mass may be, as nearly as possible, monolithic in 
character. Whilst it is impossible in a work of this scope to give 
complete specifications at length, some of the essential points which 
should be included in specifications for masonry will now be noticed. 
In the following notes on specifications, illustrations are inserted for 
the purpose of rendering more clearly the intended arrangement and 
bonding of the work, but it will be understood that such drawings do 
not usually accompany specifications. 

Outline Specifications for Masonry.— Stone.— The stone employed 
for general rubble masonry should be of an approved kind, sound and 
durable and free from all flaws, seams, cracks and discolorations. The 
size of stones employed will depend on the magnitude of the work and 
the sizes conveniently obtainable from the quarries. In general^ such 
stones will be from 6 in. to 14 in. thick, 2 feet to 5 feet long, 10 in. to 
36 in. wide, the larger blocks being used for the heavier classes of work. 
Strongly acute angles on stones should be entirely prohibited, and any 
angles less than 80° are undesirable. Blocks of the softer kinds of 
sandstone and limestone should be thicker in proportion to length and 
breadth than those of harder varieties, to mimimize danger of cracking 
under heavy pressure. All stones in squared rubble masonry should 
have the top and bottom beds parallel to the natural quarry bed and be 
approximately rectangular in shape. 

Pace Dressing. — Fig. 286 shows various kinds of face dressing on 
stones. A and B are examples of ashlar faced masonry, with rebated 
joints, the rebate in A being formed entirely on one block, and in B 
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half on each adjacent block. The faces are finished smooth by rubbing 
after the final tooling or sawing. Deep rebated joints are employed 
where heavy characteristic lines are desired, the deep shadows imparting 

C D 



Fio. 286 . 

boldness of appearance to the work. Fig. 286, 0, shows a block finished 
with fine and coarse axed face, on left- and right-hand sides respectively. 
At D, the face is droved ” or “ tooled,” being worked with a broad flat 
chisel, E is a rock-faced block with draughted margin. This type of 
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dressing without the draught is always employed for squared rubble 
masonry, the draughts being occasionally cut on the quoins. The face 
F is “broached” and draughted, whilst G is a rebated and vermicu- 
lated block. The more ornamental face dressings are seldom employed 
on engineering work. 

General clauses regarding measurement for payment by the cube 
yard (or cube foot in case of ashlar), conditions of inspection and execu- 
tion according to drawings, usually precede a detailed specification for 
masonry. 

Heavy Squared Coursed Rubble (occasionally referred to as Bridge 
Masonry, Coursed Blockstone, and Block in Course). — Foundation 
courses which are laid immediately on a concrete foundation slab, to be 
of selected stones not less than 18 in. thick and to have a bed area of 
not less than 15 square feet. No course to be less than 14 in. nor more 
than 24 in. in height, and each course to be continuous both through 
and around the wall. If courses of unequal height are permitted, the 
deeper ones to be at the bottom diminishing regularly towards the top. 
Face stones to have rock-faced surfaces, the edges being dressed to 
straight lines conforming to size of courses, and no part of rock face to 
project more than 8 in. in heavy courses or 2 in. in medium courses. 

In Figs. 287 the elevation and plans of two consecutive courses of 
part of a rubble masonry pier are shown, together with a vertical section 
on XY. The beds and vertical joints of face stones to be dressed back 
at least 12 in. from face of wall and the under beds to extend to the 
extreme back of stone as at B, Fig. 288. Overhanging stones as at 0 
leave spaces A which are liable to be indifferently packed. Stretchers 
to have a length not less than times their height, and no stone to 
have a less width than Ij times its height. The face bond to show not 
less than 12 in. lap. The size and disposal of headers and bond stones 
will depend on the thickness of wall. Headers should preferably be not 
less than 3 feet to 4 feet long. For walls less than 4 feet thick the 
headers should extend from back to front, giving the arrangement shown 
m plan in Fig, 289. For walls exceeding about 4 feet in thickness, 
there should be an equal number of headers built into both back and 
face, so arranged that a face header shall be roughly midway between 
two headers in the rear as shown in plan in Figs 287, 290, and 293. 
In the case of retaining and wing walls which are backed by earth, the 
back face may of course be left much rougher than the exposed ftonb 
face, but this should not be allowed to excuse defective bonding at the 
back of the wall. There should be one header to every two stretchers, 
and they should sensibly retain their full face size for the whole length 
of stone beyond the dressed surfaces, as A in Fig. 291. At B is shown 
an inferior header, the dressed joints (shaded) not extending far enough 
into the wall, whilst the tail end tapers off, requiring packing up with 
rubbish or leaving voids beneath the stone. This is the commonest 
defect in rubble masonry, and cannot be detected from the face appearance 
once the course is covered up. In walls of 6 feet to 7 feet thickness the 
inner ends of headers should overlap laterally. 

The hearting or packing stones to be of large well-shaped stones of 
the same general thickness as the face stones. No voids exceeding 6 in. 
width to be left between these stones, and all voids to be rhoroughly fiUed 
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with spalls bedded in cement mortar. The superposition of the larger 
hearting stones in each two consecutive courses should have regard to 
the preservation of the best possible bond and minimum number of 
coincident vertical joints. (See plans of courses in Figs. 287.) Where 
provision is to be made for leading off drainage water through masonry, 
the positions of weep holes or inlaid pipes will be either shown on draw- 
ings or personally indicated by the engineer in charge. 

Other points to notice are that heavy hammering or dressing of 
stone on the wall itself should be prohibited ; stones accidentally broken 
or moved after setting, to be removed and properly replaced ; each 
stone to be laid in a full bed of mortar, and joints not to exceed J in. 
to f in. when laid. Stones and masonry to be kept free from dirt, 
and all stones and adjoining masonry to be wetted with clean water 
just before laying, especially in hot weather. If the masonry is to be 
extended by building future work, the old masonry should be stepped 
back uniformly to ensure a break in vertical bond between old and 
new work of at least 12 in. Quoins in massive work are usually 
draughted 2 in. to 3 in. wide, the width of draught being proportioned 
to the scale of the work, and they may be farther finished with rebated 
joints, heavy rock face, or by rusticating, according to the degree of 
finished appearance required. 

The above notes relate more particularly to the massive types of 
masonry structures. For work intermediate between these and ordinary 
walls occurring in general building construction, the following class of 
squared rubble is employed. 

Ordinary Squared Coursed Rubble.— Fig. 292 shows the general 
face appearance of such work, and Fig. 293 a plan of a typical course. 
The main points of difference are the generally smaller size of stone, 
and less regularity of arrangement The usual height of each course is 
12 in. to 14 m. The stones in each course are not all the full height of 
the course, but all headers and bond stones should be so. The number 
of headers may be specified as 1 to 3, 1 to 4 stretchers, etc., or as so 
many per square yard of surface, or per 6, 10, or 12 ft run of the course. 
The smaller face stones should not have a less thickness than one-third 
the course height, and preferably not more than two stones should be 
allowed to the course. In highly finished work of this class, greater 
regularity of appearance on the face is obtained, as in Fig. 294, 
Specially skilled masons are required for executing really good work of 
this character. Exceptionally good examples may be seen in the masonry 
of the overflows and training walls at the Langsett reservoir near 
Sheffield, executed by Mr. William Watts, M.Inst.C.E. The general 
remarks on backing for heavy masonry apply equally with regard to 
the backing in this case. Figs. 295 and 29G are other examples of 
regularly faced rubble, although the bond in Fig. 295 is necessarily 
inferior. 

Rubble Concrete. — This class of masonry is practically confined to 
the hearting of reservoir dams, breakwaters, etc. Fig. 297 indicates 
the general disposition of such work when laid. Large irregular 
blocks called plums or displacers^ with fairly flat but rough beds, and 
weighing from 1 ton to 8 tons, constitute the bulk of the work. They 
are bedded on a thick layer of cement concrete, or very coarse mortar, 
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consisting of 2 parts sand, 4 crnslied rock spoil, small enough to 
pass a in. mesh, and 1 part cement. The blocks arc usually slung on 

to the work from an overhead 
cableway, and are arranged to 
break joint both horizontally 
and vertically, no two stones 
— X nearer than about 6 m., 

^*^='■' 7 =;:"'/^ — ’rr-?' of perfect ramming of 

the joints with concrete. The 
1 • stones are settled on their beds 

' ■ " T^ ■ , — ' l J ' • • * ' * by slowly working them back- 

f ^ wards and forwards by crow- 

FiG. 297 . l)ars, and by heavy hammering 

with wooden malls. It is im- 


Fig. 297. 


portant in such work to use as heavy stone as is procurable, since 
the stability depends on the weight of the mass, whilst the closer 
together the stones can be laid, the greater the ultimate mean density 
of the mass, and the less the amount of cement required. The stones 
should not be of too irregular a shape, or very large voids require to be 
filled with concrete. Smaller stones arc used for partially filling the 
joints. A fair proportion of stones, as indicated 
in section m Big. 297, should bond transversely, 
as well as longitudinally. All such overhang- 
ing parts as A in Pig. 298 should be removed, 
Fig. 298. otherwise the c.g. of the block is thrown ap- 

preciably away from the centre of the bed, 
causing unequal settlement and tilting on the soft bed of concrete. 
Work of this character over large areas is necessarily interrupted, and 
where new masonry is joined to old, the surface of the concrete is 
picked over, carefully brushed and washed and covered with cement 
mortar before commencing the new work. In this connexion, the late 
Mr. G. P. Deacon considered that a hydraulic lime was probably superior 

to cement, since the much slower setting 
enabled new work to be bonded to work 
several days old whilst still in a plastic 
state.^ The face of such work is finished 
in ashlar, or heavy, square, rock-faced 
rubble. Pig. 299 shows the typical ap- 
pearance of the outer face work of the 
Yyrnwy dam. 

Ashlar. — The stones are cut to exact 
dimensions, with surfaces of beds and 
joints dressed back to the full depth of 
block, and joints should not exceed ^ in. 
Where a considerable area is faced with 
ashlar, the kind of bond is usually specified, and the stones laid and bonded 
with the regularity of brickwork. Courses may be of equal or unequal 
height, preferably the former. In the highest class work the beds and 
joints are required to bo plane throughout. As this entails heavy waste 
in dressing, other specifications allow depressions below the level of the 



Fig. 299. 



^ Mms. l^roceedfings Imt. C.E,^ vol. cxlvi. p. 27. 
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beds, provided they do nofc exceed, say, 6 in. in width, are not nearer 
than 4 in. to an edge, and do not aggregate more than one-quarter 
the whole area of bed. To produce ashlar blocks quite free from 
such depressions or plug-holes considerably increases the expense of 
labour in cutting, and reduces the general bulk of the finished 
blocks. 

Arched Masonry Blocks require cutting to accurate radial lines, 
and if large, are usually worked to drawings supplied. The plane of the 
natural quarry bed should be perpendicular 
to the direction of pressure acting through 
the arch. In arches with ashlar ring-stones, 
and brick or rubble sheeting, the bond 
with the sheeting should not be less than 
from 6 in. to 12 in., depending on size of 
work. The ring-stones, or face voussoirs, 

V, Fig. 300, should preferably be cut with 
square heads, in order to obtain a satis- 
factory bond with the stones of the head wall, H. 

Bonding of Brick and Masonry Arches. — Fig. 301 illustrates various 
methods of arranging and bonding the bricks and masonry in arches. 
A shows a 13^ m. brick arch with bricks laid alternately header and 
stretcher. B shows the same bond applied to an 18 in. arch. Although 
the bond is satisfactory throughout the depth of the arch, the dis- 
advantage of laying the bricks in this way is that the joints become 
excessively wide at the extrados unless tapered or radius bricks are 
used. For this reason, arches exceeding 18 in. are generally built in 
duplicate rings, each 9 in. thick, as at C, or in separate 4| in. rings, as 
at D. With either of these methods, the bond is deficient, and unless 
very carefully built, unequal settlement on striking the centering, is 
liable to cause one or more rings to fall away from the others, as shown 
at F, when the load comes on a much reduced thickness of arch. In 
order to secure some degree of through bonding, the arrangements at 
Gr and E are often adopted. That at 6 shows the bond inserted in the 
22| in. portions of the lining of the Totley tunnel. The inner and 
outer 9 in. are built in English bond as at B and C, whilst the central 
4^ in. constitutes an independent ring, which is bonded alternately with 
the inner and outer rings at sections where the joints JJ are flush 
throughout the whole depth. At E bond stones S or specially con- 
structed brick voussoirs V are inserted at flush joints. In stone arches 
any desired arrangement of bond may be adopted, since the stones are 
cut to taper shapes. The expense is, however, much greater than m 
the case of brick arches, and excepting where architectural effect is to be 
secured, arches built of stone throughout are seldom employed in 
ordinary structural work. The most usual construction for arches of 
from four to eight half bricks in thickness, which comprise the majority 
of engineering arches and tunnel linings, is to build the exposed sofSt 
ring m blue brick, and the backing rings in good stock brick. In the 
best work, the outside faces are of masonry bonded alternately header 
and stretcher with the brickwork. At D a label course, L, of stone 
is shown. This is sometimes added in large brick arches to secure a 
more finished appearance, and is usually from 4 in. to 6 in. thick. At 
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H is a masonry arch, rcg^ularly bonded header and stretcher, the face 
stones being rebated and rock-faced. This is a suitable treatment for 
large span arches, where appearance is of importance. K illustrates a 


B 



Fig. 301. 


heavy masonry arch ring having every second voussoir square-shouldered 
to bond with the head wall. The rough square rubble arch at M is 
occasionally adopted for rough or temporary work. 

Piers. — ^Masonry piers are usually of rock-faced square rubble 
masonry of the kind already described. Where, however, the work is 
imposing by reason of exceptional magnitude or where considerable 
architectural effect is desirable, all external faces are built in ashlar 
with varying degrees of enrichment in the matter of rebates, mould- 
ings, etc. Eig. 302 shows one of the piers for the aqueduct over the 
river Loire at Briare in France, and is an excellent example of highly 
finished and well-treated engineering architecture. This structure 
carries the Loire canal over the river Loire in idfteen spans of 131 *25 ft., 
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Fig. 303. 
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and owing to its prominont situation and imposing appearance, has 
been given a high degree of architectural finish. ^ 

Fig. 303 illustrates the construction of one pier of the Mussy 
viaduct, also in France. This, one of the largest masonry viaducts 
erected, comprises 18 ai'ched spans of 82 feet each, the maximum height 
from foundation to rail level being 180*25 ft. Q''he piers are of rubble 
masonry, with ashlar lacing courses at intervals of about 85 ft. A 
plan of one of these courses L is shown in the figure, all the main 
blocks being tied together by iron cramps, the detail of which is also 
shown. The lower figure indicates the face treatment, and the 
structure constitutes a fine example of massive bridge masonry on the 
largest scale.® 

Masonry-Faced Concrete Blockwork. — Fig. 304 shows the type of 
construction followed in the re-constructed north Tyne breakwater. 

The blocks 0 arc of concrete 
alone, and vary from 5} to 19 
cube yards content. The facing 
blocks arc covered with an outer 
face F of Aberdeen granite, this 
masonry facing being built in- 
side, and forming one end of the 
timber box in which the blocks 
were moulded. The blocks are 
regularly bonded alternately 
header and stretcher, and are 
further dowellod by filling the 
vortical scmi-cylmdrical grooves 
D with 4 to 1 cement concrete, 
the blocks consisting of 6 to 1 concrete. An extremely durable outer 
face having the appearance of a masonry structure is thus secured.® 
Footing Courses. — The lowest portions of masonry structures 
usually rest on footing courses, which project some distance beyond tlio 
faces of the superstructure in order to distribute the pressure due to the 
weight of the structure over a larger area. These footing courses 
again rest on a mass of concrete laid in the bottom of the excavation for 
the foundation. The concrete serves the following purposes. By being 
made of still greater area than the footing courses it reduces the in- 
tensity of pressure to the safe bearing power of the soil ; and, secondly, 
it fills up all irregularities of the foundation and provides a smooth and 
level surface on which to commence building the masonry. The thick- 
ness given to the concrete bed depends largely on a variety of practical 
considerations, although, as will be seen later, it must have not less than 
a certain minimum thickness fixed by the weight and disposition of load 
on the superstructure. It is, for example, often cheaper or more con- 
venient to put in a considerable depth of concrete instead of building 
additional masonry on a thinner layer, whilst in other cases the lower 
portion of the structure may require to be formed by depositing con- 
crete below water-level until a suitable height is reached on which to 

* Annales des Fonts et Ghaussiesj 1898, 2nd Trimestro. 

® JBid,f 1901, 1st Trimestre 

® M%ns. Proceedings Inst. O.JE,, vol. olxxx., p. 133. 
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commence the masonry. Footing courses of masonry should consist of 
specially selected large and well-shaped stones. Hardness is essential, 
since they are subject to the heaviest pressure. 

The successive offsets or projections should be 
made very gradually. If the footing courses 
project too far beyond the superstructure or 
beyond each other, they are liable to be cracked 
when bearing on concrete or to tilt up as in 
Fig. 306, if bearing directly on the foundation 
earth. In the latter case the advantage of the 
footing courses is quite lost, since the effective 
bearing area is reduced by the breadth AB. 

No stone in a footing course should project more than ^ to ^ of its 
length, and such stones should further have a liberal depth. (See pre- 
ceding specification.) Piers, abutments, wing-waUs and retaining walls 
are frequently built of brickwork, and for these structures each footing 
course should not be less than four bricks in thickness, and more for 
heavy works. The projection of each course should not exceed in., 
and the upper course of each ledge or offset should be all headers as at 
H, H, Fig. 306. The bonding is shown in the figure for a wall executed 
in English bond, three-quarter 
bricks being inserted at A, A, 
and whole bricks at B, B, in 
order to properly break joint. 

Pressure on Foundations. — 

The bearing power of soils 
naturally varies widely, and any 
stated values can only be re- 
garded as general standards 
Before commencing any impor- 
tant structure, and especially 
where the bearing capacity of 
the foundation is an unknown or 
doubtful quantity, careful exami- 
nation and testing arc desirable. 

If the foundation be near the 
surface, the bearing power may 
be conveniently tested by erect- 
ing a strong timber platform carried on four legs of 12 in. square cross- 
section, and gradually and uniformly loading it until any desired 
maximum settlement takes place. The settlement of each leg is noted 
at intervals of one or two days by taking level readings. For founda- 
tions at considerable depths below the surface, a tank resting on a 
plate of 2 or 3 square feet area may be placed at the bottom of 
trial excavations and gradually filled with water. Whether a con- 
siderable amount of settlement may be allowed depends on the kind 
of structure to be erected. An appreciable amount of settlement is 
not objectionable, provided it takes place uniformly over the whole 
area of the foundation. Where a definite amount of settlement is 
anticipated, the original level of the foundation is adjusted so that the 
desired permanent level may be established when the total weight of 
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the completed structure comes upon the foundation. It is, however, 
desirable to minimize settlement in such structures as piers and abut- 
ments for bridges, chimneys, retaining walls, and dams. In the former, 
settlement entails subsequent trouble with girder bearings, cracking of 
arches, and frequent packing up of the track ; whilst in retaining walls 
and dams, settlement, if of appreciable amount, is necessarily unequal, 
and results in vertical displacement, creation of unknown shearing 
stresses, or heeling over of the structure. In the case of tall framed 
buildings, some amount of settlement is usually unavoidable. The 
accuracy with which the bearing area of the foundations of the support- 
ing columns may be proportioned to their loads, however, realizes a 
high degree of uniformity of settlement. In the tall buildings of 
Chicago a settlement of 6 in. to 12 in. is general, and cannot he avoided, 
owing to the compressibility of the clay in which they are founded. 


Table 29.— •Peemissible Saee Peessures on Foundations and 

Masoney. 


jVIaterlal. 


Tons per fq ft. 


Very hard rock 

Ordinary rock 

Dry clay of considerable depth 

Moderately dry clay ... 

Soft clay 

Compact gravel and coarse sand 

Clean dry sand, laterally confined 

Alluvial soils . . 

Concrete in foundations . 

„ walls 

Good red brickwork in cement mortar . . . . 

Slue y, „ ,, ...... 

S(iuared rubble freestone masonry in cement mortar . . 

Ashlar freestone masonry in cement mortar 

Granite ashlar „ „ „ . . . . 

Freestone ashlar hearing blocks 

Granite „ „ 

Granolithic „ „ 


25 to 80 


16 

6 

3 

2 

8 


8 
4 
2 „ 

1 

6 ,, 

2 

itol 

8 

7 
10 
16 

8 
15 
25 
12 


12 


Distribution of Pressure on Foundations. — ^Any masonry structure 
symmetrical about its vertical axis, such as the rectangular and 
pyramidal piers in Fig. 307, will have its centre of gravity G vertically 
over the centre of gravity M of the area of foundation ahcd. The 
point P, where the vertical through G cuts the foundation level, is the 
centre of pressure on the foundation, and in these cases obviously coincides 
with M. Further, in such cases the pressure per square foot on the 
foundation area will be uniform, provided the upward resistance of the 
soil is also uniform. If W = total weight of structure in tons, and A 
= area of foundation in square feet, then pressure per square foot on 
W 

foundation =: tons. If, as usually happens, the area abed be too 


small to suitably distribute the weight W, it must be increased by 
either footings, a projecting concrete base, or grillage beams until the 
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unit pressure -£ does not exceed what may be safely imposed on the 

soil. Thus, if the pier A be 24 ft high, 80 ft. wide, and 6 ft thick, 
and built of masonry of 140 lbs. to the cube foot, its weight will be 
225 tons. Suppose it to carry a further central load of 300 tons 
applied by girdera resting on it, the total load W = 525 tons. The 
foundation area A, without footings = 80 x 5 = 150 sq. ft , and the 
pressure per square foot = = 3'5 tons. If it is undesirable to load 

the foundation soil beyond 2-5 tons per square foot, the necessary area 

with footings will be ^ = 210 sq. ft., which might be obtained by 

making the bearing area a rectangle 81' 6" x 6' 8". It is often con- 
venient to represent the intensity of pressure on foundations diagram- 
mabically. If eh be made = 2^ tons to any convenient scale, then the 
pressure per square foot being uniform, the ordinates of the rectangle 
efgh indicate the pressure per square foot at any point along the 
foundation from e to /, and ^gh is a pressure intensity diagram. 

In the case of an unsymmetrical structure, such as the reservoir 
dam in Fig. 308, the centre of gravity 0- is not vertically over the 



centre of area M of the foundation alcdj and the centre of pressure P 
vertically below Q- no longer coincides with M, but falls to one side of 
it. The weight of the structure is here concentrated more towards ad 
than and the intensity of pressure on the foundation will be greater 
at the inner face ad than at the outer face 1)0, The pressure intensity 
diagram efgh will now be a trapezium, having eh considerably greater 
than fg. If the values of the intensities of pressure eh and fg be 
calculated, the straight line will cut off ordinates representing the 
pressure per square foot at other points along the base, it snould be 
noticed that by drawing a straight line from h to y, it is assumed that 
the ground beneath the dam is of uniform chaiucter. If, for instance, 
in the neighbourhood of the points H, H, H, the found^ion were 
appreciably harder than in other parts, the weight would bear more 
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intensely on these points, and the intensities of pressure on the base 
would then be represented by some undulating line as Jcl^ cutting off 
deeper ordinates beneath H, H, H, and shallower ordinates beneath the 
intervals of softer ground S, S. The mean pressure would remain the 
same, that is, the area efgh would equal the area eflh Local defective 



such as S, S, are made 
good in all carefully prepared 
foundations, and the intensity of 
pressure may reasonably be ex- 
pected to vary practically uni- 
formly in well-executed works. 

General Expression for In- 
tensities of Pressure on Eec- 
tangular Foundations. — To 
ascertain the values of the pres- 
sure intensities eh and fg in Pig. 309, let 1) = breadth of foundation 
in feet, W = total weight or vertical pressure on foundation in tons 
per foot run acting at the centre of pressure P, distant ml feet from e. 
Let X and tons per square foot be the intensities of pressure at e and 
/ respectively. 

Considering a one-foot length of the structure, the mean pressure on 
foundation = 


Pm. 309. 


run 


2 tons per square foot, and the total pressure per foot 

. a?-h2/ , 

“ 2 


■ X 5, which must = W tons . 


( 1 ) 


Also, taking moments about e, W X mb = moment of area efgh 
about e. Dividing the area efgh into a rectangle and triangle by the 
dotted line g\ its moment about e 

u b(x — v) I 

= ^ + = (2) 

[} 1) 

(P -L 1)1 SW 

But from (1), x & = W, whence 
Substituting in (2) 




= W X 


from which 

and by substituting in (1) 


2W 


ow 

y = - I'l 


(3) 


(4) 


These results are important, and are capable of general application 
in all cases of rectangnlar surfaces in contact under a known pressure, 
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e? 


The factor wz = -j, so that 


acting through a known centre of pressure. 

when the position of the centre of pressure P is known the value of m 
is also fixed. Applying this result to the dam in Pig. 308, suppose the 
base to be 60 ft. wide, the weight of the dam per foot run to be 
200 tons, and the centre of pressure P to be 21 feet from the inner 
face. Then wz = fj, & = CO, and W = 200 tons. Therefore pressure 
per square foot 


at inner face = a; = 


and at outer face = ?/ = 


2 X 200 
60 

2 X 200 
60 


(2 - 3 X f^) = 6§ tons 
(S X lu - 1) = ^ ton. 


These, of course, are the pressures at opposite edges of the foundation 
due simply to the dead weight of the dam, no account having been 
taken of any water pressure acting against it. 

It will be seen that here the centre of pressure falls to one side 
of the centre of the foundation area, entirely on account of the shape 
of the section of the dam, 
the material being bulked 
up more to the left- than to 
the right-hand side. In 
many structures the centre 
of pressure is caused to fall 
nearer to one edge of the 
foundation by the action of 
external forces. In Fig, 310 
the pier A, under the action 
of its own weight only, would 
have the centre of pressure 
on its foundation at P, the 
centre of base. When subject 
to a lateral wind pressure F, the resultant pressure on the base takes 
the direction OPi, the centre ot pressure being thereby displaced from 
P to Pi. In the retaining wall B the earth pressure E causes the 
centre of pressure to be displaced from P to Pi, and in the case of 
the dam 0 the centre of pressure falls at Pi under the action of the 
horizontal water pressure W, instead of at P when the reservoir is 
empty. 

The intensities x and y have particular values, according as the 
fraction m is greater than, equal to, or less than Four distinctive 
cases occur, which are illustrated in Pig. 311. In each case a total 
vertical load of 16 tons per foot run acts on a foundation 8 ft. wide. 

base 1.— Centre of pressure at middle of foundation, w = J ; 
W = 16 tons ; & = 8 ft. Inserting these values in equations (3) and 
(4), a; == 2 / = 2 tons per square foot, or the intensity of pressure is 
uniform over the whole foundation area. 

Case 2. — Centre of pressure 3 ft. from one edge of foundation, 
m = f, or is greater than Hence a? = + tons, and ?/ = -|- J ton 
per square foot. 
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Case S.—Centre of pressure 2| ft. from one edge, or ^ of 8 ft. 
m = I, whence a; = + 4: tons per square foot, and y = 0. 

Gm 4. — Centre of pressure 2 ft. from one edge, or Im than ^ of 
8 ft. m = :J, whence a; = + 5, and y = — 1 ton per square foot. 

In the last case the value of y, being negative, signifies the intensity 
y to be a UmiU instead of a compressive stress, and its value is 
accordingly plotted on the opposite side of the horizontal line EP to 
that of X, As the centre of pressure moves from the centre towards 
the left-hand edge of the foundation area, the pressure per square foot 
on the left steadily increases, whilst that on the right decreases. In 
Case 3 the right-hand intensity diminished to zero, and in Case 4 it has 
passed beyond zero and become an uplift instead of a downward 
pressure. ^ Assuming the foundation to be appreciably compressible — 
clay, for instance— in Case 1 uniform settlement will take place, and a 
wall standing on this 8 ft. base will settle from the level E'F to some 
level ^/, the vertical depth representing the settlement produced by 
a pressure of 2 tons per square foot on the subsoil in question. In 



Case 2 an intensity of 2 tons per square foot exists at QR. Qg' = E'e' 
therefore represents the settlement beneath this point of the foundation. 
If AB be produced to C, then at this point the intensity of pressure on 
the foundation would be zero, and the settlement also zero. Joining 
Cy and producing to the depths Ee to P/ represent the unequal 
settlement taking place in this case, which is everywhere proportional 
to the intensity of pressure. Similarly in Case 3, QR = 2 tons per 
square foot. Qff = E'^', and Ee represents the settlement at E, whilst 
that at 0 is nothing. In Case 4, QR = 2 tons per square foot. 
Qg' = B'fi', and eOf determines the settlement E^ at B, whilst an uplift 
P/ occurs at P, the point 0 on the base of the wall neither depressing 
nor rising. The effect of the unequal settlement in Oases 2, 3, and 4 
is to cause the structure to heel over towards the side where the greater 
intensity of pressure exists, and in each case the structure rotates 
slightly about the point 0 as centre. This action is especially apparent 
in the case of heavy masonry structures on yielding foundations. 

Masonry, concrete, and mortar possessing but small tensile strength, it 
is generally admitted as undesirable to allow tensile stress to exist in such 
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materials. lu Case 4 tension exists from 0 to E, and whether 
EF represent a horizontal joint in a masonry structure, a horizontal 
section of a monolithic concrete structure, or the actual foundation 
level, whilst it is undesirable to have tension existing from P to 0, it 
does not necessarily follow that the structure is unsafe. Provided the 
intensity of compression EA at the opposite face does not exceed 
the safe compressive resistance of the mortar, concrete, or subsoil, 
the structure may be perfectly safe. If, however, the maximum 
intensity of tension FB exceed the tensile resistance of the mortar 
or concrete, then in a masonry 


structure the joint will open for 

some distance in from P ; in a con- trpj; , ^ 

Crete structure cracks will be de- e| fTif 

veloped ; and at a foundation level : 

a certain amount of uplift will take jj 

place. The immediate effect of 1 | 

such actions is to reduce the 

effective breadth of joint, as in 

Pig. 312, from EF to EP'. Em- j | 

ploying the same values as in the i 

previous case, suppose the joint to Fm. 812. 

open for a length of 1 ft. The 

reduced breadth EF = 7 ft., = |, and x = 5’23 tons per square 
foot compression, and y = 0*65 ton per square foot tension. If this 
tension is incapable of causing further opening of the joint or crack at 
F, and the compression of 5*23 tons does not exceed the safe resistance 
of the material, the structure will still be safe. If further opening 
occurs at F', EF' is still further reduced, the intensity x increased, and 
safety ultimately depends on the extent of this increase in the value of 
X, In the case of piers, retaining-walls, and arches the existence of 


tension at one face of the joints does not necessarily render the 
structure unsafe ; but in masonry or con- 
crete dams any opening of joints or cracks, 
however slight, on the water face is accom- 
panied by entry of the water, and consequent 
application of an upward hydrostatic pres- 
sure H in Fig. 313, which creates a new 
resultant pressure PjRi with centre of pres- 
sure at Pi, in place of the previous resultant 
PR with centre of pressure at P. This Fig. 313 

resultant, acting on the reduced bearing 

surface EFi, gives rise to further tension at Fi which extends the 
width of opening PFi, introduces increased upward water pressure 
with further displacement of the resultant pressure PiEi and still 
further reduction in the width of bearing surface. The intensity 
of pressure at E thus rapidly increases until failure takes place by 
crushing of the material near E, or bodily overturning of the portion 
ODEF. In the design of these structures, therefore, it is important to 
ensure the centre of pressure at any horizontal section falling within 
the middle one-third of the width of the section, and so to avoid the 



formation of cracks or open joints on the water face. 
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Retainino- Walls. 


A face of earfch exposed to the action of the weather eventually 
assumes a more or less uniform slope AB, Fig. 314, the inclination of 
which with the horizontal is called the angle of repose or natural slope 
of the particular soil in question. The natural slope of different kinds of 
earth varies very widely, and cannot he closely 
— specified for any particular variety. In the 
case of the more homogeneous and uniform 
varieties, as fine dry sand and gravel free from 
large stones, the angle of repose is fairly 
constant. The presence of varying amounts 
of water in the same soil, however, greatly 
modifies the angle of slope, and the nature of 
soils in general is so varied that although many 
may be classed as similar^ yet it is seldom any 
two of the same class exhibit the same properties. Any table of angles 
of repose and unit weights of stated varieties of earth can only be 
accepted as representing approximate average values, and if more 
accurate ones be required they should be obtained by actual measure- 
ment of a sample of the earth involved. The following are fairly 
representative values of these quantities : — 



Fig. 314. 


Table 30.— Natueal Slope akd Unit Weight of Earth, etc. 


Material. 

Natural slope 

Weight 

Sand, dry 

deg. 

30 to 35 

lbs. per cub. ft. 

90 

„ wet 

26 „ 30 

118 

Vegetable earth, dry . . 

29 

90 to 95 

„ „ moist . . . 

45 to 49 

95 „ 110 

,, ,, wet .... 

17 

110 „ 120 

Loamy soil, dry 

40 

80 „ 100 

Clay, dry 

29 

120 

„ damp . .... 

45 

120 to 130 

„ wet . 

16 

135 

Gravel, stone predominating 

45 

90 

Gravel and sand 

26 to 30 

100 to 110 


These values being so variable, it is useless, in the theoretical design 
of retaining walls, to expect the same degree of accuracy which may be 
relied on in dealing with a constructive material like steel, whose 
properties are much more closely established. Moreover, the earth 
behind a high retaining wall is seldom uniform from top to bottom. 
Two or three distinct beds of different classes of earth may be present, 
which further increases the difficulty of applying mathematical procedure 
in estimating the probable earth pressure against the wall. 

Earth Pressure. — ^In Pig. 314, in order to hold up the triangular 
ms^ of earth ACB, a wall is required of sufficient stability to safely 
resist the presanre P exerted on it by the earth. Many mathematical 
formulse have been devised with a view to calculating the magnitude of 
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the earth pressure behind retaining walls, but they are necessarily based 
on the fundamental assumption that the earth is perfectly uniform 
throughout, and consequently do not provide for the variations 
constantly encountered in pi^tice. Some rule, however, is necessary as 
a guide in the choice of a suitable section, and probably all formulae in 
connexion with earth pressure at least eiT on the side of safety, since 
the varieties of earth met with in practice are generally leas uniform 
and more cohesive than the ideal granular earth assumed in theory. 

EanMne’s Theory. — This theory has for many years been adopted 
principally in England. It is based on a mathematical analysis of the 
conditions of equilibrium of a particle in the interior of a mass of earth, 
assumed to be perfectly dry, uniform and granular. It makes no allow- 
ance for adhesion or for friction between the earth and back of the wall. 
Stated briefly, if A = angle of repose of earth, H = height of wall in 
feet, and lo = weight of a cubic foot of earth in lbs., then for a wall 
retaining earth with a level upper surface, the horizontal earth pressure 
per foot run of the wall 

= P = pounds. 

\1 + sm A/ 

Modifications of the formula are employed for giving the pressure in 
cases of surcharged walls. It may be stated, however, that earth 
pressures calculated by this formula are 25 to BO per cent, in excess of 
the actual pressures behind existing walls. 

Rebhann’s Method,— The following simple graphical method, due 
to Professors Eebhann and Haseler, for determining the magnitude of 
the earth pressure behind a 
wall has been very generally 
adopted on the continent of 
Europe for many years past. 

It has the advantage of being 
applicable alike to cases of hori- 
zontal or surcharged upper sur- 
face, and certainly gives results 
both economical and satisfac- 
tory in practice. The general 
construction is shown in Fig. 

315. BO represents the back 
of the wall and CD the upper 
surface of the earth. Draw BD 
making an angle A with the horizontal, equal to the angle of repose of 
the earth. On BD describe a semicircle BGD. From 0 draw CE 
making an angle = 2A with the back of the wall. At E draw EG 
perpendicular to BD to cut the semicircle in G. With centre B and 
radius BG, cut BD in K. Draw KL parallel to OE, cutting the upper 
surface in L. Make KM = KL and join LM. The triangle KLM 
13 called the earth pressure triangle. Suppose it to represent a 
triangular prism of earth one foot thick, as shown at T. Then the 
resultant pressure^ P per foot run behind the wall, including the effect 
of friction between the earth and wall, is given by the weight of this 
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prism of earth, or P = area KLM in square feet x 1 foot x weight 
of earth per cabic foot. 

It is imnecessary here to state the proof of this construction, for 
which the reader may be referred to a paper by Professor G. F. Oharnock.^ 
It may be stated briefly, however, that the method is based on Coulomb’s 
theory, and that the object of the construction is to determine the 
position of point L, and consequently the location of the line BL. This 
line BL marks what is termed the plane of rupture for maximum earth 
pressure behind the wall. In other words, if the wall be supposed to 
yield, the triangular mass of earth BOL will tend to break away along 
the plane BL, and the wall must be sufficiently stable to resist the 
pressure caused by the tendency of the mass BOL to slide down the 
incline LB. The actual earth pressure acts perpendicularly to the back 
of thg wall at two-thirds its depth H from the surface ; but the stability 
of the mass of earth BOL is obviously partially maintained by the 
frictional force P existing between the earth and back of the wall. The 
resulting pressure P on the wall, as given by the earth-pressure triangle, 
is therefore compounded of a certain horizontal pressure Q and a v&rtkal 
force E, depending on the coeflScient of friction between the earth and 
wall. It may reasonably be assumed that the coefficient of friction 
between the earth and back of wall will be at least equal to that between 

the particles of the earth itself, since the 
backs of most walls are usually very rough. 
The inclination of the resultant pressure 
P may therefore be safely taken as making 
an angle with the perpendicular to the 
back of the wall equal to the angle of 
repose of the earth. Possibly in the case 
of a concrete wall constructed between 
moulding boards back and front, the above 
amount of friction might nob be realized, 
and a suitable reduction in the inclination 
of P might be made accordingly. 

The above construction is inapplicable 
if the angle of repose exceed 45°. The 
following modification may be adopted in 
such cases, although the angle of repose 
will seldom approach 45° in practice. In 
Fig. 316, OP is the horizontal surface of 
the earth. Draw BE making the angle 
of repose A, with BH and OH at right 
angles to BE. On OH describe a semicircle, and with centre H and 
radius HE cut CH in P. BP is the plane of rupture, and producing it 
to L, draw LK parallel to CE, which makes an angle of 2A with the 
back of the wall. Cut off EM = EL, and ELM is the earth-pressure 
triangle. (The coincident intersection at E of BE and the dotted line 
OE in Pig. 316 is accidental.) For a surcharged wall as in Fig. 317, 
first draw BPi parallel to the upper surface OF, and repeat the same 

^ Stability of Betmmng Walls, by Prof. Gr. P. Oharnook. Bead before the 
Association of Yorkshire Students of the Inst. 0. E., March 10, 1904. 



Pigs 316, 317. 
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construction excepting that CHi, perpendicular to BE, is used as the 
diameter for the semicircle instead of carrying it through to intersect 
BH. 

An application of the method to the design of an actual wall will 
now he given. 

Example 36. — Design a smtalle section for a retaining wall, 20 ft. 
high, of rubble masonry weighing 140 lbs. per cubic foot, the angle of 
repose being %T and, wefight of earth 110 lbs. per cubic foot The 
maximum pressure on foundation not to exceed 2^ tons per square foot. 

In Fig. 318, for a clear height of 20 ft. the total height of wall from 
coping to foundation is taken as 24 ft., allowing for a concrete base 



3 ft. thick, with the level of foundation 4 ft. below the lower ground- 
level, and the section indicated is assumed. In all practical walls there 
may be a slight counter-pressure p against the front of the toe. It is, 
however, very small compared with the back pressure, and is^ frequently 
reduced to zero by shrinkage of the earth. Also in walls with stepped 
or battered backs, the shaded block of earth E, which apparently rests 
on the wall and adds to its stability, has often been found to be quite 
out of horizontal contact with the wall, owing, to compacting under 
pressure and subsequent shrinkage, or settlement of the wall away from 
the earth, and for these reasons the effect of the pressure p and weight 
of block B will be neglected. Assuming the concrete base as of 
practically the same weight as the masonry, the total sectional area 
including the base = 143f square feet, and weight of wall per foot run 
= 143| X 1 X 140 lbs. = 9 tons. Applying the construction for the 
earth pressure, the area of the resulting earth-pressure triangle ABD 
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= ix 14i X 13 square feet, and the resultant pressure against the 
wall = i X X 13 X 110 = 10,367 lbs. = 4*63 tons per foot run of 
wall. The centre of gravity of the wall section (including the base) is 
situated on the vertical line OW, 3 ft. 9 in. from the back of the wall. 
This may be found by dividing the section into a convenient number 
of parts and taking moments about the back of the wall, or by 
suspending a cardboard template of the section. Mark the point P at 
I of 24 = 16 ft. from the surface, and draw PH* perpendicular to back 
of wall. PO making 27° with FN gives the direction of the resultant 
pressure behind the wall. Prom 0, where PO cuts the vertical though 
the centre of gravity of the wall section, set off OP = the pressure of 
4*63 tons, and OW = weight of wall, 9 tons, to any convenient scale. 
OE to the same scale gives the resultant pressure on the foundation. 
The centre of pressure 0, in which OE cuts the foundation level, is 
situated 3 ft. 6 in. from the outer edge of foundation, and the fraction 
m to be used in calculating the intensity of pressure on foundation 
3^ 0" 

= z= X. The resultant vertical pressure on foundation acting 

through C = OV, the vertical component of OR, which, it should be 
noted, consists of the wall weight OW + the frictional component WT 
of the inclined pressure WE. OV scales off 11*2 tons. The intensities 
of pressure on the foundation are then — 

2W 2 y 11*2 

at H = “y(^ “ = — 9 T 5 — (2 - 3 X ^) = 2*11 tons per sq.ft. 

2W 2 y 11*2 

and at L -y (3m - 1) = — — (3 x — 1) = 0*25 ton per sq. ft. 

Setting off HK = 2*11 and LM = 0*25, and joining KM, the area 
HKLM shows by its ordinates the varying intensity of pressure on the 
foundation. As the maximum intensity of 2*11 tons per square foot is 
within the specified limit of 2*5 tons, a slightly more economical 
section might be adopted. For further illustrating the application 
of principles, however, this section will be adhered to. The horizontal 
component EV of the resultant pressure OR scales off 4*2 tons, and 
tends to cause horizontal sliding of the wall on the foundation. This 
horizontal component should not exceed the frictional resistance of the 
wall to sliding. The following coefBcients of friction may be applied 
in checking the liability to sliding : — 

Masonry and brickwork joints, dry .... 0 6 to 0*7 
„ „ „ wet mortar . 0*47 

„ „ on dry clay .... 0*50 

„ „ on wet „ . . . , 0*33 

In the case of retaining walls on fairly dry foundations there is 
little risk of sliding, since the foundation level is invariably sunk 
some feet below the surface, and the resistance to displacement of the 
earth in front of the wall assists the frictional resistance of the wall 
itself. Walls on wet clay foundations require careful examination in this 
respect. 

The total vertical pressure = 11*2 tons. Assuming an average 
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foundation with coefficient of friction of 0*4, the frictional resistance 
to sliding = 11*2 X 0*4 = 4*48 tons, which exceeds the horizontal 
pressure of 4*2 tons, ^ the resistance of the earth in front being 
nnconsidered. It remains to ascertain if the thickness of the concrete 
base is sufficient to allow of a projection of 18 in. in front of the wall. 
This portion of the base is shown enlarged in Fig. 319. It is subject 
to an upward pressure from the foundation, represented by the portion 
HKA of the area of the pressure intensity diagram. The intensity 
Kk scales off 1-71 tons, HE = 2*11 tons. The mean intensity 

oyer Wi = ^ = 1*91 tons per square foot. The area of 

foundation beneath HA = 1*5 sq. ft., and total upward pressure 
= 1*91 X 1 5 = 2*865 tons, acting through the c.g. & of area HKAA. 
G is 9*4 in. to the left of hJc, The B.M. on the section hf of the 
concrete cantilever HF/A = 2*865 X 9*4 = 27 inch-tons. The cross- 
section of this cantilever is shown at S. Its moment of resistance 
= = ^Xl2x 36 x 36/j = the B.M. of 27 x 2240 inch-lbs., 



whence /j = 22*3 lbs. per square inch tension at h and compression at 
/. The safe transverse bending stress /j for concrete should not exceed 
about 50 lbs. per square inch. In a deep foundation the B.M. on fh 
would be appreciably reduced by the action of the weight of the 
concrete block FA and the earth above it, which here has not been 
considered. The section fh is also subject to a vertical shear of 2*865 


tons. 


The mean shear = 


2*865 X 2240 
12 X 36 


= 14*9 lbs. per square inch, 


and maximum shear intensity = 14*9 X 1*5 = 22*4 lbs. per square inch. 
The safe shear on concrete should not exceed 60 lbs. per square inch. ^ 

Surcharged Walls. — The following construction may be applied in 
the case of walls retaining a bank of earth BCD, Fig. 320. Join 
CE and draw BF parallel to CE. Join FE and proceed as before to 
construct the earth-pressure triangle GHE, setting off the angle 2A 
at F instead of at B. , 

Many walls, as in Fig. 321, are subject to additional pressure due to 
weight of traffic, buildings, etc., in streets carried along the upper 
level. It is impossible to estimate correctly the effect of such loads on 
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walls. Such additional loading is usually reduced to an approximately 
equivalent layer of eai’th and the wall then treated as being surcharged 

to that extent. Thus, if the 
traffic along the street in Fig. 
321 be taken as equivalent to 
a load of 150 lbs. per square 
foot, this may be increased to, 
say, 250 lbs. to allow for 
vibration, and if the earth 
weigh 100 lbs. per cubic foot 
an additional layer LL, 2 ft. 
6 in. deep, being superimposed, 
the effective depth behind the 
wall will then be LH. 

Needless to say, buildings 
should not be erected imme- 
diately in rear of existing 
retaining walls unless pro- 
vision has been made at the 
time of building the waU. 
A more usual occurrence is when railway cuttings have to be made 
through towns subsequently to the erection of the buildings, in which 
cases suitable provision for the super-loading may be made as above. 
The passage of heavy railway traffic along a cutting as at K makes 
it desirable to ensure a good margin of stabSity in the supporting walls. 

Types of Walls. — Retaining walls generally are of one or other 
of the types shown in Fig. 322, A is a wall with battered face and 




Fig. 322 


stepped back, which is a satisfactory section on an unyielding founda- 
tion such as hard gravel or rock. 0 and D are sections of leaning 
walls with buttresses or counterforts at intervals behind the wall. 
Theoretically such counterforts should make for economy in material, 
but their practical value is doubtful, especially in masonry walls, where 
they are very liable to break away from the wall and so become useless 
Their employment is more satisfactory in concrete walls, where they are 
moulded m Hoc with the body of the wall. B is a leaning wall of 
similar section to A. Curved walls as at C are not now very frequently 
employed. The approximate position of the c.g. is marked in each 
case, and it will be noticed that in type A the centre of pressure P 
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falls much nearer the outer^ edge of the base than the back, with a. 
consequently large variation in pressure intensity from front to back of 
foundation. This is of little moment on hard foundations where 
the settlement is very slight. In types 0, D, and E the centre of 
gravity of the wall is thrown well back, and the resultant pcessura may 
be designed to intersect the base at or near its centre, giving nearly 
uniform pressure, and therefore uniform settlement on a yielding 
foundation- These types are more suitable for clay or other soft 
foundations where heavy pressure at the outer toe would result in 
heeling over of the wall towards the front. Panelled walls as at E are 
very generally used for the sides of railway cuttings through towns. 
The buttresses P, roof and back arching and inverts are built of rubble 
masonry or blue brick, and the backing either of rubble or concrete. 
This type of wall is most suitable under conditions of heavy backing 
and soft foundation. Whether the back of a wall is bnilt in steps or 
uniformly battered matters little as regards the stability, steps however 
being usual in brickwork, and forming convenient ledges during 
building for the support of staging. Where sliding forward of the 
wall is apprehended, the base is often sloped upward towards the 
front. 

Example of Panelled Re- 
taining Wall. — In designing a [ 
panelled section such as E, Fig. !" 

of the panels must-be considered ! 
instead of a one-foot run of ! 
the wall, since the section is I 
not uniform throughout. The | 
position of the c.g. of one bay j 
may be found as follows. 

Suppose Fig. 323 to represent ! 
a proposed section for a panelled |- 
wall. First equalize the curved i 
surfaces of the recess A by the '' 
dotted rectangular boundary 
lines. Next locate the c.g. of 
the section adcfe, supposing the 
wall to be built solid through- Fig. 323 

out. Divide abcfe into two 

portions abed and edef. The eg. of abed is at m, and of edef at n. 
Area abed = 13 x ^ = 123^, and of edef = 11 x 20 = 220 sq. ft., 

. ^ mp __ 220 

and total area abefe = 343i sq ft. Divide mn in j? so that - ^ 

p is the c.g. of the whole section abcfe. The c.g. of the panel recess 
ghlh is at g. Next — 

cub. ft- 

Oubic content of one bay of 11 ft. of the solid section = 343i x 1 3 “= 3778'5 

„ „ panel recess = 25 X 8 X 6 = 12 0Q'0 

„ 5 , bay of the hollow wall = difference =2578*5 
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These volumes being proportional to the weights of the corresponding 
masses may be considered as forces acting respectively through centres 
of gravity p, q, and r, r being the c.g. of the hollow wall. Taking 
moments about the back of the wall and denoting by a? the unknown 
distance of r from cf, 

Moment of solid section about cf = 3778*5 X 5*8 == 21915 

„ panel recess „ cf — 1200 x S = 9600 

„ hollow wall „ cf = 2578*5 xx = 2578*53? 

But the moment of the solid wall = sum of moments of panel re- 
cess + hollow wall ; 

2578*5a; + 9600 = 21,915, whence x = 4*77 ft. 

Join qp and mark the position of r on qp produced distant 4*77 ft. 
from cf r is the required c.g. of the 11 ft. bay of the wall. This 
calculation assumes the wall of uniform material throughout. If the 
facing and backing be of materials of appreciably different unit weights, 
a suitable mean value may be assumed without sensibly affecting the 
exact result, which would otherwise be very tedious to work out. With 
the materials in ordinary use, the above determination is suflSciently 
close. 

Continuing, the weight of one 11 ft. bay of the wall at 140 lbs. 

per cubic foot = = 161 tons. 

^ 2240 

Assuming a face batter of 1 in 16 and earth backing at 100 lbs. per 
cubic foot having a natural slope of 25°, the area of the earth pressure 
triangle = 124 sq. ft. The resultant pressure against wall per 11 foot 
124 X 11 y 100 

run = = 61 tons. Setting off OP = 61 tons and 

OW = 161 tons, the line of resultant pressure OE cuts the base 4 ft. 
6 in. from e. Draw ON perpendicular to ef and EN parallel to ef 
ON the normal pressure on foundation = 187 tons per 11 foot run of 
wall, or 17 tons per foot run. Hence for pressure intensities on 
4*5 

foundation, «* = = ^, 5 = 11 ft, and W = 17 tons. 

2 X 17 

Intensity at « = ^ X 2 ^) = 2*4 tons per square foot. 

” /=^^(3X2‘k-l) = 07 

These intensities may be more nearly equalized if desired by extending 
the base of the wall at the front. In these walls the back pressure is 
transmitted to the buttresses by the horizontal arching forming the 
back of the recesses, and from the buttresses to the foundation by 
the inverted arches at the base. It is assumed the pressure on 
the foundation per foot run of the wall is rendered uniform through the 
action of the inverts. This distributing effect of the inverts will be 
very closely realized in a well-executed wall. If, as is sometimes the 
case, the panels be not provided with inverts as in Fig. 324, the 
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pressure must be considerably more intense immediately beneath 
the buttresses, and the basal concrete slab S will yield as shown in 
an exaggerated form by the curved lines. In such a case the greater 
part of the pressure on the foundation per length L should be taken as 
coming on a width W very little greater than the width of footing 
of the buttress. A specially thick slab, or steel reinforcement should 
be used in such cases, but inverts are desirable. 

Methods of relieving Pressure behind Walls.— Yarious means are 
employed for relieving the pressure on retaining walls, especially such 
as may exhibit signs of weakness after erection. In Fig. 325 tiers of 



Fig. 32i Fig. 325. 


arches are built behind the wall, which reduces the depth of earth in 
contact with the wall, and throws a portion of the weight of the earth 
on to the footings F of the piers carrying the arches. Such arches 
may be part of the original design, or may be inserted subsequently to 
the building of the wall. This method is occasionally adopted where 
buildings have unavoidably to be erected immediately behind an existing 
wall. 

In Fig. 326 tie-rods, chains, or cables are passed through the wall 
and taken back to anchor-plates A or raking piles P driven well m 



Fig. 326. 


rear of the natural slope. Both are expedients involving no great 
dijBficulty of execution in applying to existing walls. An extension of 
the concrete base B in Fig. 328, or the subsequent insertion of a 
concrete block 0, is occasionally effected m order to counteract forward 
sliding of a wall. 

In Fig. 327 the heavy backing H is benched back, and the space 
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iminediately in rear of the wall filled in with lighter material L, In 
all cases where the hacMng is filled in after the building of the wall, 



Fig. 327 Fig. 328 . Fig. 329 . 


the material just behind the wall should be carefully deposited so as to 
exert the minimum pressure. Carefully stacked rubble R, as in Fig. 
329, is largely self-supporting, and will considerably relieve the pressure 

on the wall, at the same time acting as 
a drain. It is advisable to pack the space 
immediately behind a wall for a width of 
2 or 8 ft. with dry stone filling, as in 
Fig. 328, and to provide water outlets or 
weep-holes H at frequent intervals. In 
very web soils a properly constructed drain 
should be laid behind the wall vith 
efficient discharge pipes passing through 
or beneath the wall. The walls on either 
Bide of deep cuttings are frequently 
strutted by steel or arched masonry ribs 
E, as in Fig. 330. An invert V is re- 
quired in cases where the subsoil is liable to flow under pressure. 

Walls of Variable Section. — Triangular wing-walls of bridge abut- 
ments retain a gradually diminishing height of the embankment behind 
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intervals. Successive vertical sections a, 5, c, d, of the wall are shown 
at A, B, 0, and D. 

A similar case arises as in Fig. 332, where a long retaining wall W 
is built in order to avoid a heavy cutting 0 in the side of a hill H. The 



Fio. 382. 

wall W being of variable height, the back is conveniently stepped as 
indicated by the dotted lines on the elevation. 


Masonry Dams. 

Reservoir dams of masonry or concrete are classed under the name 
of masonry dams. The modern practice in regard to these works is 
to construct them of rubble conciete with squared rubble masonry 
facing. Many existing high dams, however, are composed entirely of 
rubble masonry. Masonry dams are further classed as gravity dams ” 
and “arched dams.” The former resist the water pressure by the 
action of dead weight only. The latter may only be employed on 
sites where a reliable rock abutment is provided by the sides of the 
valley across which the dam is built. They are curved in plan, and 
resist the pressure behind them by acting as horizontal arches, and 
are therefore of much lighter section than gravity dams. Arched dams 
are not often employed, and are subject to complicated stress conditions 
which cannot be accurately estimated, and the remarks here will be 
confined to the consideration of gravity dams. A dam is viitually a 
retaining wall for water, but since the 
magnitude of the water pressure may be 
accurately calculated, the design of a 
dam is capable of more rigid treatment 
than that of a retaining wall for earth. 

Further, most dams are works of much 
greater magnitude than retaining walls, 
and it is the more necessary to employ 
the minimum quantity of material con- 
sistent with safety, since a relatively 
small increase in sectional area involves 
heavy additional cost. Dams possessing 
the minimum section consistent with 
safety are said to be designed of econo- 
mical section. 

Pressure of Water on the Inner Pace of a Dam.— In Fig. 333 let 
H feet be the depth of water above any horizontal section ss of a dam. 
The pressure per square foot at B = X H lbs., where w = weight of 
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1 oulic foot of water. If BO be made = wK pounds to scale, since the 
pressure at the surface A is nothing, by joining AO the triangle ABO 
forms a diagram of intensity of pressure at any desired horizontal level. 
Thus, at the depth h feet, the pressure per square foot = he lbs., to the 
same scale as BO represents ivE. The resultant pressure per foot run 
of the dam is represented by the area ABO, and 

= ^BO X AB = x H = lbs. 

This resultant pressure acts through the c.g. G of the triangle ABO 
in a direction perpendicular to the surface AB Gj? at right angles to 
AB therefore determines j?, the centre of pressure on the inner face, 
which is obviously situated at two-thirds of the depth AB below the 
surface. The inner surface of a high dam cannot, for reasons to be 
presently explained, be made vertical for the whole depth, and is there- 
fore given a slight straight or curved batter. As this batter is invariably 
small, the following construction is sufficiently accurate for all practical 
purposes. To obtain the resultant water pressure above an 3 r horizontal 
section ss in Pig. 334, join AB, and set off BO == wE at right angles 
to AB. J oin AO, then resultant pressure =5 area ABO = \wE X AB lbs. 



Fio. 334. Fig 336. 

The centre of pressure jp is obtained by projecting the c.g, G of triangle 
ABC perpendicularly on to AB, and the direction of action of the 
resultant pressure is sensibly Gp. For the slight batters employed in 
practice, the line AB differs very slightly from the actual inner face of 
the dam, and any closer estimate is both tedious and unnecessary. 

Section of Dam Wall. — The stability of any proposed section 
requires to be examined under two conditions* first, when the 
reservoir is empty, and the material of the dam subject to the action 
of its own weight only ; secondly, when filled with water, and subject 
to the combined effect of the water pressure and weight of masonry. 

1. Eeservoir Empty. --The ideal theoretical section for a dam 
would be a right-angled triangle ABO, Pig. 335, which forms the basis 
from which to deduce a practical section. In any section, the c.g. G, 
of the material Ahs above any horizontal section hs, being projected 
vertically on to h$, determines the centre of pressure p on hs. In a 
triangular section dam, p will obviously always fall at one-third the 
horizontal breadth from h, 01 hp = ^hs. For this position of the 
centre of pressure, it has already been shown that the intensity of 
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pressure at s is zero. Hence in a triangular section datn when the 
reservoir is empty, no compression exists at the outer or down-stream 
face, and a slight wind pressure acting on AO would be sufficient to set 
up a small tensile stress in the material near the outer face. In 
a practical section the following modifications of the theoretical 
triangular section become necessary. In Fig. 

336, the dam must be carried a few feet above 
the water level L. The upper edge must be 
given a reasonable practical width by adding 
a mass of masonry A to the original triangular 
section. Most dams carry a roadway along the 
top, in which cases a width of several feet is 
needed. The weight of the additional masonry 
at A so affects the position of the centres of 
pressure on all horizontal sections below a 
certain horizontal level hh^ as to entail the 
addition of a second mass of masonry, B, to Fia. 336. 

the left of the original triangular section, in 
order to avoid creating tension on the outer face when the reservoir 
is empty. Lastly, in very high dams a third addition to the section is 
required at 0 to suitably increase the breadth of section, so that the 
intensity of pressure at the inner or outer face in the lower part of 
the dam may be kept within a safe limit, according as the reservoir is 
empty or full. The outline given to the outer face may be a series of 
straight batters, a continuous curve, or a combination of both. Whether 
one or another of these be adopted makes little difference in the prac- 
tical economy of the section. A continuously curved outer face has a 
somewhat neater appearance, but is slightly more costly to build. In 
recent practice, the overflow is usually allowed to run down the-face of the 



Fig. 337. 


dam, after passing through a suitable number of arched spans beneath 
the roadway as in Fig. 337, such a dam being called an overflow 
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dam.” This arrangement obtains in the Vyrnwy, Barrator, Elan and 
Derwent Valley, and most of the modern dams, whilst in the older 
ones, the overflow is carried down a stepped fall beyond one end of the 
dam. The cross-section here shown is then necessary, the crest termi- 
nating in a blunt angle, whilst the toe is more gradually drawn out to 
conduct the water with reduced velocity into the overflow pool. 

The effect of adding an additional mass of masonry A' Fig. 336, 
to a triangular section will now be considered. In Fig. 338, ABO 
represents the original right-angled triangular 
section and ADE the a&ition necessary for 
carrying a roadway, or for providing a satis- 
factory top width AD for resisting the thrust 
of ice and effects of weathering. AD will 
generally vary between 5 ft. and 20 ft. G is 
the c.g. of the mass Ahs, and g that of ADE. 
If any horizontal section hs be taken at a 
moderate depth below the top, and the points 
G and g be projected vertically on to it at a 
and G^a and gb are the lines of action of 
the weight of the portions of masonry AAs 
and ADE respectively, and a and b their 
respective centres of pressure on hs. As 
Fia. 338. before, a falls at ^hs from A, whilst b falls to 

the right of a. The line of action of the 
resultant weight of ADsA will therefore fall between Ga and gb as at PQ, 
and the centre of pressure P due to the whole weight of masonry 
above hs will consequently also fall to the right of a, and therefore 
within the middle third of hs. Hence no 
tension will be developed at the horizontal 
section hs. 

If now, in Fig. 339, the same construc- 
tion be repeated for a horizontal section 
hs taken considerably lower down, the point 
b is found to fall to the left of a. The 
centre of pressure P due to the whole weight 
above hs, now falls to the left of a and 
therefore outs'ide the middle third of hs. In 
this case tensile stress will be developed m 
the material at s and for some distance in 
from the outer face. The width of the section 
hs must therefore be increased on the side 
I’m. 339 towards h, and this is done by giving a slight 

batter to the inner face as shown by the 
dotted line. There will evidently be one particular horizontal section for 
which P falls neither within nor without the middle third of hs, the con- 
dition being that g and G must be situated on the same vertical line. 

In Fig. 340 mark M the middle point of BO, and join AM. The 
centres of gravity of all triangles such as ABO lie on AM. Project g 
vertically to G on AM and make 6H = ^AG. Through H draw the 
horizontal hs. The resultant weight of masonry above hs now acts 
along ^6, which being produced gives the centre of pressure at j?, such 
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that hp — \hs. For all horizontal sections above Tis the centre of 
pressure will fall ivithm the naiddle third, whilst for those below j? 

will fall outside the middle third towards the a 

inner face of the dam. Hence As, which may ^ ^1 
be termed the “ critical plane,” marks the level \'\ \ 

at which the inside batter AF must be com- \ \\ 

menced in order to avoid creating tension at \ ^ 
the outer face sO. Practically this batter will \e 

be commenced a little above the level As, as it is \ \ 

undesirable for the compression to be reduced 4 — ^ 
quite to zero at s, as would be the case in Fig. i * \ 

340. The batter required to effect this adjust- | \ \ 

ment is relatively slight and is readily ascer- | \ \ 

tained after one or two trials. fJ.b \m \c 

Stability of a Proposed Section.— -Line of ' 34Q 

Resistance.— The following method of examina- 
tion of the stability of a proposed section has been adopted in the 
design of most existing dams, and is often referred to as the middle- 
third or trapezium method. The procedure will be first outlined„after 
which the extent to which the results obtained agree with the probable 
actual stresses in the dam, will be noticed. 

The section 0066 in Fig. 341 is assumed as that for a dam retain- 
ing 100 feet depth of water, and constructed of material weighing 150 
lbs. per cubic foot. The section is divided into blocks or layers by the 
horizontal planes 1-1, 2-2, etc., 20 feet or other convenient distance 
apart, and the thickness of the section perpendicular to the plane of the 
paper is taken as one foot. 

1. Reservoir Empty.— Considering first the reservoir empty, Fig. 

341. Mark the positions a, A, c, d, e,f, of the centres of gravity of the 

masses 0011, 1122, etc. . . 5566. The centre of pressure on the 

plane 1-1, due to the weight of masonry above 1-1, is obtained by 
projecting a vertically to A on 1-1. The centre of pressure on any 
other plane follows similarly by projecting the c.g. of all the masonry 
above the plane vertically on to the plane. Thus, for the centre of pressure 
on plane 2-2, the c.g. of the mass 0022 is required. Its position may 
be most conveniently and accurately found from the known positions of 
a and A, and the weights of the first two masses 0011 and 1122 by 
taking moments about the vertical line oY. 


Weight of 0011 per ft. run = ^ ~ ^ ^ 

..oc. 10 4- 15 5 ,, 20 X 150 _ 

„ 1122 „ = = lr08 tons. 

Moment of 0011 about oY = 6*7 x 5' = 33*50 

„ 1122 „ = 17*08 X 6f ' = 113*87 

Sum of moments = 147*37 
Sum of weights 0011, 1122 = 6*7 -h 17*08 = 23*78 tons. 

Hence distance of c.g. of 0022 from oY = ^ ^ 




3^1. Fig. 342 



409 


MA80NEY AND MASONRY STRUCTURES 

It is unnecessary to determine the height of the c.g. of 0022 since 
being situated on a vertical 6-2 ft. from oY, it must, when projected 
on to 2-2, fall at B, also G‘2 ft. from cY. For the centre of pressure 
on plane 3-3, 

Weight of 2233 = ^ 20j^ ^ 

Moment of 0022 about oY (from above) = 147'87 
„ 2233 „ oY= 30-13 X 11'= 831-43 

Sum of moments above 3-3 = 478-80 
Total weight above 3-3 = 28-78+30-13 = 53-91 tons. 

Hence distance of c.g. of 0033 from oY = = 8-88 ft 

53 91 

This c.g. projected on to 3-3 falls at 0, 8-88 feet from oY. In a 
similar manner, by adding the moment of 8344 to the moment of 0038 
and dividing by the total weight of 0044 above plane 4-4, the position 
of D, the centre of pressure on plane 4-4 is obtained. The resulting 
distances of D, E, and P from oY are marked in Fig. 341. The curve 
connecting these centres of pressure A, B, C . . . F, is known as the 
Line of Resistance or Line of Resultant Pressure for the reservoir 
empty. It intersects any horizontal section of the dam at the centre of 
pressure due to the total weight of masonry above that section. From 
the portions of A, B, 0, etc., the intensities of pressure perpendicular 
to the horizontal planes 1-1, 2-2, 8-3, etc., may be calculated. 

For example, the centre of pressure F on the basal section is 
18-8 ft. from oY, and therefore 28-8 ft. from the inside face at X 
The base is 67 ft. wide, and the total weight of masonry above the 

base 231*76 tons. = —jr = 0*355, and intensities of vertical 
pressure are 

2 X 231*76 

at X = (2 - 3 X 0*355) = 6*47 tons per square foot. 

and at Y = x 0-355 - 1) = 0-45 „ 

These are plotted at Xx and Yy, the ordinates between XY and xy 
giving the intensities of vertical pressure on the base. The intensities 
on the other horizontal planes are plotted to the same scale in Tig. 341. 
The dotted lines H/i and mark the limits of the middle third of the 
width of the dam at each horizontal section, and the centres of pressure 
A, B, C, etc., will be seen to fall ]ust within these limits. With the 
reservoir empty, there is therefore no tension acting perpendicular to 
any horizontal section plane, whilst the maximum vertical compression 
is that of 6 47 tons per square foot at X. 

2. Reservoir Full — Fig. 342 indicates the method of finding the 
centres of pressure on the horizontal planes 1-1, 2-2, etc., when the 
reservoir is full and the water pressure acting against the inner face 
of the dam. Points A, B, 0, etc., have beerntransfeired from Pig. 341. 
Considering any horizontal plane as 3-3, the weight of the mass of 
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masonry 0033 above 3-3 acts along the vertical through 0. Pg repre- 
sents the direction of the resultant water pressure acting on the inner 
face for the depth L3. Producing P 3 to meet the vertical through 
C at c\ the resultant pressure on the plane 3-3 now acts in the inclined 
direction (fQv The centre of pressure is thus displaced from 0 to Ci, 
being nearer to the outer face than the inner, with the result that the 
maximum intensity of vertical pressure on any horizontal plane occurs 
at the outer face instead of at the inner, as was the case with the 
reservoir empty. 

The directions dk.^, S'Bi, etc., of the inclined resultant pressures 
are obtained from the right-hand diagram. The weights of masonry 
above the several horizontal planes 1 - 1 , 2 - 2 , etc., are set out to scale 
on the vertical line OM, and the corresponding water pressures along 
their respective directions drawn from 0 towards W. In this example 
the first two water pressures act horizontally, whilst the other four act 
at a slight inclination with the horizontal. These inclinations have 
been deduced in the manner referred to in Fig. 334, which is suflSciently 
accurate for the small batters prevailing on the inside faces of masonry 
dams. The water pressure 

Pj = acting horizontally at fLl below L 


62-5 X 25® 
2 X 2240 


== 8-72 




fL 2 „ L 


P.= 


62-5 X 45 X L3 
2 X 2240 


= 28*25 tons acting perpendicular to L3 at |L3 
below L. 


Similarly P 4 = 58*94, P 5 = 100 8 , and P 5 = 139*51 tons. For plane 
3-3, the masonry weight 0033 = 53*91 tons = OM 3 and water pressure 
Pa = 28*25 tons = OW 3 . Join W 3 M 3 which gives the direction and 
magnitude to scale of the resultant inclined pressure on plane 3-3. 
Hence, through d draw dGi parallel to WMs, to intersect norizontal 
3-3 in Cj. Repeating this construction for the five other horizontal 
planes, the centres of pressure Ai, Bi, Oi, . . . Fj are obtained. The 
curve connecting these points is the Line of Resistance for the reservoir 
full. From the positions of Ai, Bi, Oi, etc., the altered intensities of 
pressure perpendicular to the horizontal planes may now be calculated. 

On the basal section 6 - 6 , the centre of pressure Fi is 24 ft. from 
the outer toe Y, the breadth of section is 67 ft., and the resultant 
vertical pressure at Fi = 240 tons, being the vertical component of 
WfiMe. This vertical component is a little greater— about 8 tons — 
than the total masonry weight of 231*76 tons, since it includes the 
downward water pressure on the inside battered face from 2 to 6 . The 
vertical components are obtained by projecting the inclined resultants 
on to the vertical load line. Hence m being fy, the intensities of 
vertical pressure on the base are — 

at X = X •" l) = 0*534 ton per square foot 

andatT = m^(2-3x||) = 6-63 „ 
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The centres of pressure Aj, Bi, 0„ . . . Fi again fall just within the 
line K marking the outer limit of the middle third. With the reservoir 
full, there is therefore no tension acting perpendicular to any horizontal 
section plane, whilst the maximum vertical compression is that of 6’63 
tons per square foot at Y. Further, since the lines of resistance ABC 

. . . F andAiBiOi . . • Fi fall only just within the limits of the middle 

third, the section is “ economical,” since with a more liberal width the 



lines of resistance would fall well withm the middle third limits with 
correspondingly reduced vertical stresses. 

It is generally conceded that the safe maximum vertical pressure 
on any horizontal section should not exceed about 7 tons per square 
foot for the materials usually employed in masonry dams. If the 
section in Fig. 341 be continued with the same inside and outside 
batters to a greater depth than 100 ft. below top water-level, then this 
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maximum safe pressure of 7 tous per square foob will be realized at a 
depth of about 110 ft., and for a dam of usual material to be continued 
for a still greater depth, this depth of about 110 ft. marks the level at 
which the width of the dam must be further increased in order to keep 
the maximum vertical pressure on horizontal planes in the lower portion 
of the dam within the above limit of 7 tons. 

Dams not exceeding about 110 ft. in height are often alluded to as 
“ low dams,’' and those above 110 ft. as high dams.” If, for example, 
the section in Fig. 341 be continued with the samB batters to a depth 
of 150 ft. below water-level, the new width of base is 102 ft., and the 
centres of pressure, both for reservoir empty and full, still fall within 
the middle third of the base. The intensities of pressure are, however, 
9*36 tons per square foot at inner face when empty, and 9*89 tons per 
square foob at outer face when filled. These pressures greatly exceed 
7 tons, and demonstrate the need for increased width of section at 
lower levels of the dam. 

Section of Dam for 150 ft. Depth of Water.— The method will now 
be applied to determining a suitable section for the dam down to a 
depth of 150 ft. In Fig. 343 the previous section is retained down to 
100 ft. depth, but below this level the inside and outside batters are 
increased as shown to give a basal width of 120 ft. It should be 
noticed the increased outer batters from YZ to ZYi cause the middle 
third of the base to move considerably to the right, whilst the 
additional weight of masonry YSYiZ has relatively little effect on the 
position of the c.g. of the total section, which moves very slightly 
towards the right, as compared with its position if the outer batter 
were continued from Y to S. The centre of pressure for the reservoir 
empty will therefore fall outside the middle third of the base unless 
the inside batter XXi be also increased. This causes the middle third 
to move back somewhat towards the left, and counteracts the effect of 
the increased outside batters YZ and ZYi. The additional weight of 
masonry 6677 = 319*4 tons, and its c g. is 39*3 ft. from the vertical oY. 

Sum of moments of masonry about oY down to 6-6 = 4,347 

Additional moment of 6677 about oY = 319*4 x 39*3 12,552 

Sum of moments down to 7-7 = 16,899 
Total masonry weight above 7-7 = 231*76 + 319*4 = 551*16 tons. 

16 899 

Distance of c.g. of 0077 from oV = 55 i-i ' g = distance 

from inner face at Xi = 30-06 + 14-00 = 44 66 ft. Width of middle 
third = = 40 ft. The centre of pressure Q- for reservoir empty 

therefore falls 4-66 ft. within the middle third of the base. For the 
. . . 44^ 

intensities of vertical pressure on the base, m = and 

IaO 

intensity at Xi = ^ ^120 — 8 X = 8*39 tons per sq. ft. 

and intensity at T, = — X ^ “ l) = 1-07 „ „ 

Water pressure against inner face = ^ X - ^^240^' “ 
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assumed acting at right angles to LXi at 60 ft. above the base. Com- 
bining OM = 551*16 tons, and OW = 314 tons, the inclined resultant 
is VM, having a vertical component vM. = 577 tons. Drawing /Gi 
parallel to WM, the centre of pressure for reservoir full falls at Gi, 
51 ft. from Yi, or well within the middle third, m = intensities 

of vertical pressure are 

at Xi = ^ ^ ^ — 1^ = 2-64 tons per square foot 

ma.tT. = i^’(2-3x^)=6-97 „ „ 

The following table gives the vertical pressures on horizontal planes 
at inner and outer faces as deduced by the above method. 


Eeseevoie Eiupty. 


Section plane 

P 

m 

b 

Pi, at inner face 

i}«at outer face 

1-1 

tons 

6 70 

05 

ft 

10 

0-67 

0*67 

2-2 

23*78 

6*2 

15*5 

16-5 

2*46 

0 61 

3-3 

63*91 

10*2 

29*6 

29*6 

3*52 

0*14 

4-4 

102*46 

15 

43 

43 

4*64 

0*22 

5-5 

169 46 

20 

67 

67 

5 63 

0 31 

6-6 

231*76 

23 8 

67 

67 

6*47 

0 45 

7-7 

651 16 

44*66 

120 

120 

8 39 

1*07 


Reseevoib Pull. 


Section plane 


m 

h 1 

p„ at inner face 

Pu at outer face 


tons 

4 8 

10 

It 



1-1 

6*70 

10 

0 59 

0 76 

2-2 

23 78 

6 5 

16 5 

15*6 

0*79 

2 28 

3-3 

66 00 

11 6 

29*5 

29-6 

0 65 

3 15 

4-4 

106 00 

16 

43 

43 

0 57 

4*36 

6-5 

176 00 

20*5 

67 

67 

0 49 

5*69 

6-6 

240*00 

24 

67 

67 

1 

1 0 54 

6 63 

7-7 

677*00 

61 

120 

120 

2 64 

6*97 
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Actual Maximum Compression on the Material. — ^The intensities 
of vertical compression on laorizontal planes as calculated above by the 

“ trapezium rule ” do not represent 
the actual maximum compression 
on the material of the dam. In 
Fig. 341 the curved lines represent 
generally the directions along which 
the maximum intensity of compres- 
sion acts at any point in the dam. 
These lines, called “ isostatic lines,” 
or lines of principal stress, com- 
mence at right angles to the inner 
face, or in the same direction as 
the lines of action of the water 
pressure, and at the down-stream 
face are nearly parallel to the outer 
profile of the dam. The maximum 
pressure at any point P on the 
down-stream face will therefore act 
on some plane PQ perpendicular 
to the direction of the line of stress 
passing through P. If the direc- 
tions of the isostatic lines were closely determinable, the positions of 
the planes on which the maximum pressure is exerted would be at 
once known. The directions of these lines of stress cannot, however, 
be exactly ascertained for any proposed section. That they follow 
generally the curves indicated in Fig. 344 is borne out both by theory 
and experiment.^ The extent to which the dam may be supposed 
continuous with the rock foundation considerably modifies these 
directions, at and below the base of the dam. 

Theoretically, if A be the inclination of the down-stream face to the 
vertical, and the intensity of vertical compression on the horizontal 
plane at P, as obtained by the preceding method, it may be proved that 
the maximum intensity of compression at P, acting normally on a plane 

PQ at right angles to the outer face = The maximum stresses 

in the dam are sometimes calculated by this formula, which, however, 
implies that the outermost lines of stress are parallel to the outer 
face of the dam, which, whilst sensibly true for the upper portion of 
the dam, is probably considerably at variance with the conditions 
existing near the toe. Here, wide variations exist in the outline given 
to the down-stream toe of existing dams, and if the rapidly changing 
inclination to the vertical be accepted as the governing factor in 
calculating the maximum pressure, such calculated pressures near the 
base must be in excess of the existing ones. Applying this in the case 
of the dam in Fig. 343, the resulting maximum pressures at the 
outer edges of the horizontal planes 2-2, 3-3, etc., for reservoir full, 
are as given in the third column of the following table. 

^ Mns. Proceed%ngs Inst C. JE7., vol. ctaii. p. 107, and pi. 5. 
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Hoiizontal Bection 

pu tons per sq. ft by 
trapezium Im. 


Maximum p, tons 
per sq ft. calculated 
from dentilated 
sections 

2-2 

2 28 

2*44 

2-72 

3-3 

3-15 

4*60 

4-00 

4-4 

4*36 

6*03 

5-61 

6-5 

5 69 

7*87 

7 37 

6-6 

6*63 

9*17 

8*61 

7-7 

6*97 

9*64 

9*16 


The maximum intensities of compression at the outer face, especially 
towards the base, as given by this method, are probably appreciably 
greater than those actually existing in the dam. 

From the results of experiments made with model dams under 
conditions approximating to those iu actual dams,^ the maximum 
intensity of pressure occurs at some distance in from the down-stream 
face and the actual variation of pressure intensity on horizontal 
sections, instead of following strictly the trapezium law, is indicated 
more exactly by the ordinates to a curve such as EFC, Fig. 345, instead 



of the straight line CD. This divergence from the variation of pressure 
intensity as indicated by CD is apparently due to the relative weakness 
of the acute-angled down-stream toe ABH, which is incapable of resisting 
a maximum intensity of vertical pressure at B, and yields accordingly, 
thus throwing the point of application /of maximum pressure intensity 
some distance in from the down-stream face This further shows the 
fallacy of the assumption that the material of a dam behaves according 
to the laws of bending for simple beams, since a plane section such as 
KH will not remain plane after stressing, but will take up some curved 
outline, as shown exaggeratedly by the dotted line. It would appear 


* Mim. Procee&mgs Inst C. JE7., vol. clxxii pp 89, 107. 



m 


STRUOTTJEAL ENGINEERING 


farther that the inherent weakness of a very acute-angled toe might 
be corrected, and the material disposed with greater economy, by 
bending in the lower portion of the down-stream face, as in Pig. 346, 
which is a section of the Ban dam in the south of Prance. By bo 
doing the toe is, as it were, better held up to its work, with the result 
that the point of application of the maximum pressure will approach 
more nearly the outer edge of the base. The original section proposed 
by Colonel Pennycuick for the Periyar dam in India also exhibits tins 
reversed batter or hump on the down-stream profile, which, in the 
opinion of Colonel Pennycuick, is a preferable outline to the one 
actually adopted for the dam.^ 

Another method of estimating the maximum pressures is as follows. 
In Pig. 343 the inclined resultant pressures acting at points Bj, Oi, Di, 
etc., have been transferred from Fig. 342. Any resultant pressure as 
e'Ei is taken as acting on a dentilated section 5-5, the steps of which 
are parallel and normal to e'Ei, The total effective breadth of the 
normal faces of the steps is ad = 49 ft. The resultant pressure e'Ei 
= 201 tons, and 5Ei = 18 feet, whence m and the resulting 
intensities of pressure for reservoir full are 7*37 and 0*84 tons per 
square foot respectively at outer and inner faces at level 5-5. These 
are plotted at M and ac, the intensities for the other sections being 
shown by the trapeziums plotted on the inclined base lines passing 
through Bi, Oi, Di, etc. The maximum values at the down-stream face 
given by this method are inserted in the fourth column of the 
preceding table. Prof. Gaudard of Lausanne considers this method 
should give an excess of security. 

The maximum stresses in the profile in Fig. 343 are well within the 
safe compression which may be put upon the materials of which 
modern dams are built, and keeping in view other causes of stress, such 
as variable temperature, partial penetration of water into the interior, 
lateral bending, etc., the extent of which cannot be approximately 
estimated, any closer estimate of the direct compression due to the 
water pressure and weight of masonry alone is of little importance. 

Figs. 347 to 356 show the profiles of several of the more important 
earlier dams. 

Vyrnwy Dam. — The Yyrnwy dam^ (Fig. 347), built in 1881-90 
for the water supply of Liverpool, has a length of 1172 feet and a 
maximum height of 144 feet from the deepest point of foundations to 
the crest. The maximum depth of water against the inner face of the 
dam is 84 feet. It is an overflow dam (see Fig. 337), straight in plan, 
and built of rubble concrete. Special care was taken to ensure the 
concrete having a high specific gravity as well as to render the 
masonry as watertight as possible. A system of drains formed 
along the beds of rock at the foundation level, collect the water 
from springs beneath the dam and conduct it into a small drainage 
tunnel formed within the dam, fropa which it is discharged on the 
down-stream face. This precaution was taken to avoid any possible 
upward pressure on the base of the dam. The maximum pressure on 
the material is approximately 7f tons per square foot. 

' Mim, Proceedings Inst C, jE,j vol. oxv. p. 87. Ibid.f vol. olsxii, p. 146. 

® Ibid., yol. cxxvi. 
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Assuan Dam.^— The Assuan dam (Kg. 348) built across the ri^er 
Nile is 6400 feet in length and contains 180 sluice-ways at different 
levels for discharging the impounded water. The sluices are opened in 
April, May, and June, the issuing water supplementing the flow of the 
Nile during the dry season, when in years of small discharge the 
natural flow is inadequate for the irrigation of the country below 
the site of the dam. The dam was raised during 1907-1912. 

The dam is founded on granite rock and is constructed of rubble 
granite faced with coursed rubble masonry laid m cement mortar. 
The maximum height above foundation level is 127 feet, and the head 
of water above the bottom of the lowest sluice-ways is 60| feet. A 
maximum pressure of 5'8 tons per square foot on the masonry at the 
upstream face, with the reservoir empty, has been provided for, and in 
the event of the water rising to the level of the roadway, the maximum 
pressure on the down-stream face, with reservoir full, would be 4 tons 
per square foot. 

Thirlmere Dam® (Fig. 349). — This dam has been constructed 
across the outlet of Thirlmere for raising the level of the lake a 
maximum height of 50 feet, the impounded water being used for the 
supply of Manchester. The dam consists of two portions 310 and 520 
feet long, divided by a ridge of rook. The maximum depth is 110 feet. 
Fig. 349 shows the section at this maximum depth, and together with 
those of the Vyrnwy and New Croton dams indicates to what a great 
extent the foundations may add to the height and cost of dams when a 
considerable depth of pervious material has to be excavated in order to 
reach a sound rock foundation. The dam is of masonry-faced rubble 
concrete, with a roadway 16 feet wide along the top. 

Chartrain Dam® (Fig. 350). — Built in 1888-92, the Chartrain dam 
impounds water for the supply of the town of Roanne in the Loire 
valley, in France, and also assists the controlling of floods in the district 
below the dam. It is curved to a radius of 1812 feet in plan and has a 
length of 720 feet, with a capacity of 990 million gallons It is 
fonnded on porphyry rock, has a maximum height of 177 feet, and 
retains a maximum head of water of 151 ft. 9 ins. The dam is 
constructed of rubble granite masonry in lime mortar, the inner face 
being rendered with 1 to 1 cement mortar for a thickness of 1*2 inches. 
The maximum pressure on the masonry at the inner toe, with the 
reservoir empty, is 9 tons, and at the outer toe, with reservoir full, 9’4 
tons, per square foot. 

Villar Dam, Spain ^ (Fig. 351). — Built in 1870-78 for the increased 
water supply of Madrid. The length is 546 feet, and in plan the dam 
is curved to a radius of 440 feet. The maximum height is 170 feet. 
For a length of 197 feet from one end the dam is utilized as a waste 
weir over which the roadway, 14 ft. 9 ins. wide, is carried by an iron 
bridge of twelve spans. The dam is constructed of rubble masonry, 
the maximum pressure on which is estimated at 6*5 tons per square foot. 

* M%ns. Proceedings Inst C, JEJ., voL clii. p. 78. Ibid,, vol. cxciv. p. 249. 

* Ibid., vol. cxxvi p. 3. 

* Les BSservovrs dans le Midi de la France, Marius Bouvier, pp, 18 to 21. 
Oongrfes International de Navigation int6rieure, Pans, 1892. 

* Mins, Proceedings Inst C, E,, vol. Ixxi. p. 379, 
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Ban Dam, Prance^ (Fig. 352).— Erected across the Eiver Ban m 
the lower Rhone valley in 1866-70. The length is 541 feet and the 
dam is built with a convex face up-stream to a radius of 1325*6 feet, in 
plan. It is built of rubble masonry founded on granite. The maximum 
head of water retained is 148 feet, with a capacity of 407 million 
gallons. The maximum pressure on the masonry is estimated to be 10 
tons per square foot. 

Pexiyax Dam, India ^ (Fig. 353).— This dam was erected in 
1888-97, foi impounding water in the valley of the Periyar, which 
water is diverted through a tunnel into the neighbouring valley of the 
Vaigai and there utilized for irrigation purposes. The dam is 
constructed of concrete faced with masonry and has a maximum height 
of 173 feet. The width at the base is 143 feet, with a slope of 1 to 1 
from the top of ‘the outer toe to a point about halfway up the outer 
face. The outer profile then becomes steeper, terminating with a top 
thickness of 12 feet carrying a roadway. The overflow level is 162 feet 
above the base, and the estimated flood level 11 feet higher. 

La Grange Dam, California (Fig. 354). — This dam, built in 
1891-94, has a length of 310 feet and is curved to a radius of 300 feec. 
The maximum height on the up-stream face is 125 feet, and width of 
base 90 feet. It is an overflow dam, and its outer profile was designed 
to coincide with the slope of the overflow water when flowing 5 feet 
deep over the crest of the dam. The cross section corresponds very 
closely with that of the waste-weir of the New Croton dam (Pig. 356) 
for a similar height, but the outer toe is made much stronger to with- 
stand the shock of the falling flood water, which has already risen to a 
height of 12 feet above the crest of the dam. The La Grange Dam is 
bult of uncoursed rubble masonry, and the water is employed for 
irrigation purposes. 

New Croton Dam, New York® (Fig. 355). — The New Croton 
masonry dam constitutes a portion only of the dam across the Croton 
River for augmenting the water supply of New York. It is remarkable 
for its great height from foundation to crest. The maximum height 
above the deepest point of the foundation is 238 feet, although "the 
maximum head of water impounded is only about 1 40 feet. The dam 
IS of rubble masonry faced with ashlar above the level of the ground. 
The waste weir. Fig. 356, 1000 feet long, is built as a continuation of 
the main dam and curves round until at right angles with the axis of 
the dam, thus facing the side of the valley and diminishing in height 
from 150 feet to 13 feet. The great depth to which the foundations of 
the dam have been carried was necessitated by the existence of 80 feet 
of soft stratum overlying the rock, whilst a further maximum depth of 
about 57 feet of unsound rock had to be* removed, iu order to reach a 
sufficiently solid rock bed on which to found the dam. 

Intensity and Distribution of Shear Stress. — During recent years 
considerable attention has been drawn to the question of shear stress in 
masonry dams. An accurate estimate of the shear stress would be 
possible only if the actual variation of the compressive stresses were 

^ Annales des Fonts et Chaussies, 1876, 1st Trimestre. 

® M%ns. Proceedings Inst, C, E., toI. cxxviii p 140. 

® Trmsactvm, Am. Soc, G, 1900, vol. xliii. 
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known. A brief examination, however, under an assumed distribution 
of vertical compressive stress probably worse than obtains in an actual 
dam will show that the shear stress does 
not exceed what may be safely resisted by 
the material. Adopting the section in 
Fig. 342, the intensities of vertical compres- 
sion at inner and outer faces on plane 6-6 
for reservoir full, are respectively 0*54 and 
6*63 tons per square foot. Assuming 
uniform variation from X to Y, Pig. 357, 
the intensity at intermediate points will be 
given by the ordinates of the trapezium 
66XY. Dividing the profile of the dam 
into vertical sections by planes Or-a^ &-J, 
etc., 10 ft. apart, the total vertical shear 
on ah = the upward pressure against 
less the weight of the masonry M 

= t X 10' - 5-39 = 56-36 tons. 


Total shear on 5-5 
4-81 + 6-63 


X 20' - 4 X 5-39 


= 92-84 tons. 


Similarly total shear on c-c = 109-44 tons 

„ d-d = 106-16 „ 

„ e-e = 82-75 „ 

„ /-/= 32-00 „ 

„ oV = 8-C5 „ 


9T 

11 



Fig. 857. 


These values are plotted vertically to scale at ACB. Dividing 
each total shear by the vertical depth of the corresponding section, 
the mean shear on the vertical planes is obtained. Thus — 


Mean shear on o-a = 


56-36 

16*1 


3*5 tons per square foot 


l-b = = 2-88 


C-C = - 


32-2 

109*44 

48*3 


= 2*27 




64*4 

82*75 

89*0 


= 0-93 


/-/= = 0-30 

105 0 

->T = ^-0I2 
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These values are plotted vertically above AB, giving the line AD, 
and the intensity of shearing stress at any point being equal on 
horizontal and vertical planes, the curve AD indicates the variation of 
shear intensity along the horizontal plane 6-6. The intensity of shear 
on plane 6-6, Ib. on the 67 ft. base of the 100 ft. dam, is therefore zero 
at the inner face, and increases to a mamaum of 4*2 tons per square 
foot, or practically twice the mean intensity, at the outer face. 

Note that the mean intensity of shear on the base = horizontal 
water pressure above plane 6-6-4-67 sq. ft. =: 139 tons -4- 67 = 2*08 
tons per square foot. Since the vertical pressure intensity is not quite 
accurately represented by the trapezium 66XY (see Fig. 857), the 
maximum shear will be less than 4*2 tons per square foot. In an 
actual dam there is little doubt that the distribution of shear stress on 


horizontal planes in the upper three-fourths of the height closely 

agrees with that indicated by 
a curve such as AD. Near the 
base, however, the intensity and 
distribution of shear may be 
greatly modified, according to 
the extent to which the base 
of the dam is intimately bonded 
with the neighbouring rock 
foundation. In Fig. 858, if 
the dam be supposed firmly 
bonded to the mass of rock R 
on its up-stream face, the resist- 
ance of this mass to the hori- 
zontal displacing water pressure 
P, will set up considerable 
tension across the vertical 
plane AY. So long as this 
tension does not cause ruptuie 
in the neighbourhood of AY, 
proportionately large shearing 
stresses will be created on the 
basal plane at A, and for some distance to the right of A. For the 
dam acting independently of the rock mass R, the shear distribution 
on the base would be represented by a curve AB, similar to AD in 
Fig. 857. The effect of the shear set up at A by continuity between 
the dam and rock foundation R will be to tend to equalize the shear 
intensity on the base, so that it will be represented by some such curve 
^ DE. ^ If the rock on the up-stream face be much fissured or 
jointed, it will offer little or no resistance to tension at A, and the 
maximum shear BO on the basal section may approach twice the 
mean shear. 



Fig 358. 


If the dam be securely bonded with massive and unjointed rock, 
the shear on the base will approximate to the mean shear. It is 
doubtful if, on the majority of actual sites, much tensional resistance 
may be expected from the rock foundation for any considerable distance 
on the up-stream face, since the continuity must be interrupted sooner or 
later by some system of bedding and joint planes as LLL, even in the 
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soundest stratified rock. Although it has often been stated that no 
apparent cracks have developed at the inner toe in existing dams, it 
should be remembered that an exceedingly fine crack is sufficient to 
destroy the stress connection across the plane AT, and that such a 
crack would not be readily discernible by a diver, whilst the emptying 
of the reservoir for purposes of inspection would tend to close up 
such possibly existing cracks, by reason of the maximum intensity of 
compression reverting to the inner toe when the reservoir is empty. 

Relatively few dams are founded at base level, the majority 
penetrating more or less deeply into the rock as at AFC. (See also 
Figs. 347 to 356.) The joint along AFC cannot but be regarded as a 
possible plane of weakness towards the up-stream face, and in the event 
of its opening for some distance from A towards P, the entry of water 
under the pressure due to the head in the reservoir would introduce a 
new and dangerous force beneath the dam. For this reason it appears 
desirable to continue the inner face vertically into the rock for some 
distance, since the penetration of water into a vertical crack is not of 
great moment since its horizontal pressure is resisted by the reaction of 
the rock mass Ri on the down^stream face. 

The total horizontal water pressure against the 150-feet dam in Fig. 
343 is 314 tons, and the mean shear on the 120-feet base = = 2*61 

tons per square foot. The maximum shear would probably amount to 
4*5 or 4*6 tons per square foot under unfavourable conditions of bond 
with the surrounding rock. This, however, represents an outside figure, 
since recent research appears to indicate that the shear intensity is not 
uniform over the vertical planes a-a^ etc., of Fig. 357, but is greater 
in the upper portion of the dam than near the base. Until more definite 
information is obtained on this point, however, the existence of shear 
intensities of the above magnitude must be regarded as possible. 

The follotving appears to he the concensus of expe'it opinion on the 
subject of masonry dams at the present time (1923). 

1. If a dam be designed according to the middle-third theory, so 
that the maximum vertical pressure on any horizontal plane does not 
exceed about 7 tons per square foot, corresponding with a possible 
maximum pressure on certain inclined planes of from 10*5 to 11 tons 
per square foot, and the lines of resistance for the reservoir empty and 
full be contained within the middle-third limits, the actual stresses in 
the dam will not exceed the above values. 

2. The maximum shearing stresses accompanying these compressive 
stresses will be safely within the shearing resistance of the materials 
employed. 

3. That tensile stress may occur in the region of the inner toe, the 
maximum intensity of which may exceed the average intensity of shear- 
ing stress on the base, but will be governed by the strength of the bond 
between the dam and foundation on the up-stream face. Such tension, 
when existent, will act generally in directions horizontal or shghtly 
inclined with the horizontal. On other than a very sound foundation, 
it appears, however, impossible for such tension to exist. 

The safety of the middle-third method of treatment is further 
substantiated by reference to the records of failures of actual dams. 
With the exception of those failures directly due to subsidence or sliding 
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on faulty foundations, praoticaUy all others have been directly traceable 
to the violation of one or other of the above-stated conditions, and no 
failure of a high dam has been recorded where those conditions have 
been satisfactorily complied with. It may be remarked that many 
gravity dams have been given a slight curvature in plan with the convex 
face up-stream, principally with a view to strengthening the dam. against 
longitudinal bending. Such dams do not, however, come within the 
category of “arched dams,” since they all possess “gravity” profiles. 

The weight per cubic foot of the material employed in modern dams 
varies from 142 to 160 lbs. The Vyrnwy dam, built of heavy clay slate 
from the Lower Silurian formation, and in which special care was taken 
to obtain very dense concrete, has a specific gravity of 2*595. The 
Barrator dam, built of granite rubble concrete weighs 150 lbs. per cubic 
foot, the granite alone weighing 165 lbs. per cubic foot. 

Vithin recent years, since about 1908, and especially within the last 
twelve years, many concrete dams have been built of greatly increased 
dimensions. The following table relates to some of the more important 
recent dams 


Location of dam 

Constructed. 

Max. height above 
foundation 

Periyar, India 

1888 to 1897 

178 feet. 

New Croton, New York . . . 

1892 „ 1906 

238 „ 

Lake Oheeseman, Colorado . . . 

1900 „ 1904 

227 „ 

Wachusett, Massachusetts . . . 

1900 „ 1906 

207 „ 

CatsLiact Dam, N. S. Wales . . 

1902 „ 1908 

192 „ 

Shoshone, Wyoming 

1903 „ 1910 

328 „ 

Mauer, Germany 

1904 „ 1912 

20S „ 

Boosevelt, Arizona ... 

1905 „ 1911 

275 „ 

Burrinjuck, N. S Wales .... 

1906 „ 1911 

240 „ 

Olive Bridge, New York . . , . 

1908 „ 1913 

251 „ 

Elephant Butte, New Mexico . . 

1910 „ 1916 

276 

Kensico, New York 

1911 „ 1916 

300 „ 

Arrowrock, Idaho ... . . 

1912 „ — 

351 „ 

Hetoh Hetchy, San Francisco , . 

1919 „ — 

430 „ 

Hartebeestpoort, South Africa . . 

1920 „ 1923 1 

193 


In several of the most recent of these dams, the method of construc- 
tion has been considerably modified. The present American practice is 
to build the dam in independent sections of about fifty to ninety feet 
length, in order to allow of variations in length due to expansion and 
contraction and shrinkage of the concrete. By this means the vertical 
transverse cracks which have appeared in nearly all monolithic dams, 
are avoided. Special provision has to be made to prevent leakage across 
the transverse joints. The vertical end faces of the independent 
sections are carried up in vertical rectangular grooves G, as in Fig. 359, 
so that adjacent sections are interlocked the one with the other, thus 
preventing any tendency to relative transverse movement or unequal 
settlement. One end of each section is covered with a suitable plastic 
waterproof material or lubricated, to prevent adhesion with the adjacent 
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section. Leakage across the joint is prevented by a vertical copper strip 
S having its edges embedded in the concrete on opposite sides of the 
joint. Fig. 360 shows a horizontal section of this joint slightly opened 



by contraction, a small width B, at the centre of the copper strip S8, 
being flexible enough to accommodate small movements of the adjacent 
sections in the directions of the arrows. Reinforcing rods R, R, 



strengthen the interlocking tongues of the concrete. Immediately on 
the downstream side of the copper strip in each joint, a vertical or 
nearly vertical drainage well W is provided, large enough to permit 
access for inspection. These wells communicate at their lower ends 
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near the level of the bases of the expansion joints, with an inclined 
drainage and inspection gallery running longitudinally through the 
lower portion of the dam and communicating by a transverse tunnel 
D, Eig. 361, with the downstream face. Other wells about 18 inches in 
diameter, 12 feet apart and 15 to 20 feet from the upstream face of the 
dam, are also provided. The function of these vertical wells is to inter- 
cept any seepage penetrating the upstream face of the dam, Fig. 361. 
Such seepage may be considerable in the case of dams faced with 



concrete blockwork. These wells may advantageously be lined with 
lean concrete blocks to facilitate the collection of seepage. In the 
Elephant Butte dam across the Rio Grande in New Mexico, which 
retains 200 feet depth of water, two rows of vertical drainage holes, from 
8 to 12 inches diameter and spaced from 4 to 6 feet apart, extend 
throughout the length of the dam from crest to foundation, a few feet 
behind the upstream face, and deliver into a longitudinal drainage 
tunnel near the base. This tunnel varies in cross-section from 5 ft. x 
6 ft. 6 ins. near the ends to 6 ft. x 7 ft. under the centre. 
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Modern practice in regard to foundations is to sink a cut-off trench 
T, Fig. B61, into the rock 20 to 30 feet deep and 15 to 20 feet wide. 
This trench should preferably be channelled or quarried to avoid 
shaking the sides by heavy blasting. According as the exploratory 
borings will have indicated the extent to which the rock may be seamed 
and fissured, it may be necessary to drill two rows of staggered holes V, 
for a further depth of 30 to 40 feet and to grout these under air pressure 
up to 200 pounds per square inch. Such holes may be 3 to 6 feet apart 
and 2f inches diameter. The object of grouting under pressure is to 
fill the joints, fissures and seams intersected by and communicating 
with the boreholes. Good results may be expected by using grout con- 
sisting of one part cement and from three to five parts of water by 
volume. This treatment aims at producing a tight or impervious zone 
indicated by the dotted line, near the upstream face of the foundation. 
Any water which may subsequently pass beneath or through this 
grouted zone should be allowed to escape freely to the downstream side 
in order to avoid any accumulation of uplift pressure beneath the dam. 
The free escape of such water may be aided if necessary by drainage or 
relief holes H communicating with the main drain D. Several recent 
dams have been designed with a view to drilling such relief holes in 
the future, if considered necessary. In some cases it may be desirable 
to drill and grout the whole area of the foundation. In such cases 
care must be taken not to create a tighter and more impervious zone 
under the downstream face with consequent accumulation of hydrostatic 
pressure under the upstream portion of the foundation. This system 
of preparing a rock foundation carefully and intelligently carried out 
should adequately prevent the accumulation of any appreciable uplift 
due to water pressure beneath the dam. 

Arrowrock Dam.- The Arrowrock dam is the highest completed 
dam at the present date (1923). Its maximum height above lowest 
level of foundation is 351 feet, the width at the lowest point being 
238 feet. It dams the Boise River in Idaho, U S.A., and is employed 
for irrigation and power purposes. Its axis is curved in plan to a 
radius of 662 feet. The length is 1060 feet. It is built m eight 
sections with vertical contraction joints 150 feet apart, and a system 
of vertical drains. 6 inches wide spaced 10 feet apart, commnnicate with 
a longitudinal drainage tunnel from which 12-inch vertical drains 
10 feet apart lead down into the rock beneath the foundation and so 
prevent the accumulation of pressure beneath the dam. 

Hetch Hetchy Dam. — The Ketch Hetchy Water Supply Project is 
intended ultimately to supply San Francisco and the adjacent metro- 
politan area with 400 million gallons of water per day, and also to 
develop 200,000 hydro-electric horse-power. ^ . 

The water is to be diverted from the Tuolumne River in the Sierra 
Nevada Mountains, about 150 miles from Sau Francisco. The Ketch 
Hetchy reservoir, the principal one of the project, will have a capacity 
of 113,500 million gallons, with its top water level 3800 feet above 
sea-level. The dam, Fig. 362, has a gravity section curved in plan to 
a radius of 700 feet at the upstream face. 

Its maximum height above lowest poiut of foundation will be 
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nltmately 430 fgg^^ g profile as iadicated by the dotted outliae. 
It M of Cyclopean concrete, 1:3:6 generally, with 1 : 2| : 5 concrete 
in loundation, cat-off trench, upstream face and downstream face 
beneath the overflow section. The dam was commenced in 1919. It 
1 in sections 97 ft. 6 ins. long with contraction joints 

sealed by bent sheet copper water stops S. The dam at present is to be 
P to a height of 344 feet as shown by the full-lined profile in 
with a length on crest of 600 feet. In this stage its capacity 
will be 67,000 million gallons. Drainage wells D, 15 inches square, 



inanoof'^^ povous coucrete blocks, and inspection wells W together with 
haTC a drainage tunnels T, are provided. The initial dam will 

, nn • overflow R, in eighteen sections, having a total length of 
i. of 180 ft. 6 ins. Bach section will be 8 feet high at the 

P Jr tapering to 4 feet at the crest of the siphon, with two 
fooiiJ inches. The outer face of the dam is stepped 

Tfliaml In % iJonding with the future addition. When the dam will be 
sinhon g“®?^*'i°i 3 ,te height of 430 feet, with crest length 900 feet, the 
one end f stopped and replaced by an overflow weir at 

of the raised dam. The horizontal joint at H will also be 
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stopped by a sheet copper water stop. The followiDg working pressures 
are being allowed in the design : — 

Pressure normal to joint, upstream toe, 

Reservoir empty, 25 tons per square foot. 

Reservoir full, 16 „ „ 

Maximum pressure in section under worst combination of conditions 
and lasting for comparatively short periods of time, 27*5 tons per 
square foot. 

A detailed and fully illustrated account by Mr. M. M. O’Shaugh- 
nessy, M.Am.Soc.0.E., of the progress of this scheme to date (1922), 
is published in the Transactions of the American Soc. 0. E., 
Volume Ixxxv,, to which account the authors are indebted for the 
above particulars. 


MASomY Aro Cojtorete Aeches. 

Arches of stone, brickwork or concrete are generally classed as 
masonry arches. They differ from steel arched structures m two 
important respects. 1. The dead load bears a greater ratio to the 
useful or live load and is usually less uniformly distributed. 2. Little 
or no tension may be permitted in the material. Arches of small span 
are seldom designed from first principles, since they are simply repetitions 
of types of well-established proportions, and the arch thickness may 
safely follow some empirical rule. Moreover, small span arches usually 
have a very large margin of safety. In the case of large span arches, 
more scope exists for the application of economical principles of design, 
and their dimensions are more carefully proportioned to the existing 
stresses. 

Disposition of Load on Arches. — The spandril spaces of small span 
or very flat arches are usually filled up with earth, concrete or masonry, 
to the level of the road or railway to be carried. Fig. 363} shows the 


I 



Fig. 363 . 


general construction of arched bridges of spans up to about 30 or 35 
ft. The masonry or concrete of the abutment A is finished to a slope 
tangent to the back of the arch ring R, and the remainder of the 
spandril F filled with earth. S is a section ot the wing- wall \V. This 
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construction if adopted for large span arches would impose an excessive 
dead load upon the arch. The spandril space F is therefore left hollow, 
and the upper platform carried on jack arches J, turned between longi- 
tudinal bearing walls as in Fig. 364, or by a series of transverse arches 



Fig. 364. 


resting on piers standing on the back of the main rib, Pig. 365, which 
illustrates the 277-ft. arch at Luxembourg.^ 

The Pont Adolfhe at Luxembourg, completed in July, 1903, has a 
span of 277 ft. 9 in., and a rise of 101 ft. 6 in. It consists of two 
separate arches in masonry, 18 ft. 6 m. wide, built side by side, having 
their axes 36 ft. 11 in. apart. The intervening space is bridged over 
by a reinforced concrete platform, the width between parapets being 
52 ft. 6 in. The thickness of the arch at the croVn is 4 ft. 8^ in., and 
at the joint where the greatest tendency to rupture occurs, the thickness 
is 7 ft. lOl ins. The masonry of the arch ring has a crushing strength 



Fig 865. 

of 1280 tons per square foot. At the date of completion, it constituted 
the largest existing masonry arch. Its span has, however, since been 
exceeded by that of the masonry arch at Plauen, in Saxony, of 295 ft. 

m. span and 59 ft. rise. The thickness at crown is 4 ft. 11 in. 
The width between parapets is 52 ft. 6 in., and the spandrils, which are 
hollow, contain a system of transverse and longitudinal vaulted spaces. 
The masonry has a crushing resistance of 1670 tons per square foot. 
This is at the present time (1923), the largest masonry arch in the 

^ La Bevm Techmgtce, Hay 25, 1904. 
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world- The Liixemboprg arch was designed loy M. S6journ6, and the 
Plauen arch by Herr Liebold. The largest masonry arch in England is 
the Q-rosvenor bridge over the river Dee at Chester, the span of which 
is 200 ft. 

This type of construction is more generally followed on the continent, 
whilst in English practice the hollow spandril spaces are masked by 
continuous head or spandril walls. The magnitude and distribution 
of the load may be closely estimated for any proposed outline of arch 
when the arrangement of the superstructure has been decided. It 
remains, then, to ascertain whether such load may be safely carried by 
the outline of arched rtb adopted, or whether the proposed design 
reqmres modification. 

Reduction of Actual Load to Equivalent Load of Uniform 
Density. — ^It is convenient to convert the actual load consisting of 
varied materials into an equivalent load of uniform density equal to 
that of the material of the arch ring. 

In Fig. 366 suppose the arch ring to be of masonry weighing 150 
lbs. per cubic foot, the concrete backing B, 140 lbs., earth filling F, 



100 lbs., concrete 0, 140 lbs., and wood pavement P, 40 lbs. per cubic 
foot. Further, suppose that a live load of 200 lbs per square foot of 
roadway is to be provided for. Draw several verticals as ae, cutting 
the layers of materials in points c, d. To avoid confusion of lines 
the equivalent load area is drawn on the right of the centre line. a'V 
= of ah gives the depth of material of 150 lbs. density required at A 
to equalize the depth ah of 140 lbs. density. Similarly for the other 
materials, Ud = of hc^ dd' = of cd, and d^d = of de. Repeating 
the construction for each vertical, the equivalent load area is obtained, 
each square foot of which represents 150 lbs. of load per foot width of 
the arch. The live load will be represented by an additional layer of 
vertical depth df = or 1^ ft. to scale. This equivalent load area 
Q-HKL may be conveniently subdivided to give the loading on short 
segments of the arch ring. 

Line of Resultant Pressures. —Let ahcd, Fig. 367, be the equivalent 
load area for one half of a proposed arch under symmetrical loading, 
deduced as above. Dividing ahcd into a number of ^nels &-1, 1-2, 2-3, 
etc,, by vertical lines 1, 2, 3, the centres of gravity of these panels, 
marked by the small circles, may be readily obtained, each panel 
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approximating closely to a trapezium in outline. If the right-hand half 
of the arch be supposed removed, the left-hand portion cd may be kept 
in equilibrium by the application of a horizontal thrust T applied at 
the crown. Taking moments round the springing point d, and calling 
T the rise of the arch — 

T X r = Wi^i + ^2^4 + • * . Ve^?G, 

from which T may be obtained. Set out the loads Wi, W 2 , up to Wg to 
any scale on a vertical line Owq and the horizontal thrust T to the 
same scale at OP, Join P to The figure OP^^;G con- 

stitutes a ^olar dwugram^ having P as the pole. Produce T to cut the 
vertical through Vi and continue thence a line parallel to to cut 
the vertical through W 2 , a second line parallel to Pi^^g to cut vertical 
W 3 and so on, until the last line drawn parallel to Pw^g emerges from the 
arch ring at i. The polygonal line from T to d^ which would approxi- 
mate more nearly to a curve if the number of panels were increased, is 
called the Line of Besultant Pressures, Line of Besistance or Linear 
Axeh for the loads, span and rise here assumed. 



Its direction indicates the direction of the resultant pressure on 
any section of the arch, and the magnitude of the pressure on any 
section Q is obtained from the length of the corresponding parallel ray 
Pw ^3 of the polar diagram, measured to the same scale as the loads and 
thrust T. The emergent line at d gives the direction of the inclined 
thrust against the abutment, the magnitude being ‘?w^, The radial 
hues Pi^'i, etc. of the polar -diagram, which determine the thrust 
at various points along the arch, all have the same horizontal component 
OP = T, so that the horizontal thrust at any point in the arch is con- 
stant, and the reaction R at the abutment is compounded of a horizontal 
thrust T and a vertical reaction W equal to the sum of the loads 
Wj, W2, - . . Wg. 

It is necessary for the design of an arch to determine first the line 
of resultant pressure due to the proposed load, span, and rise. It is 
obvious that for a symmetrical load the right- and left-hand halves of 
tliL* complete line of resistance wilt be similar, and that only one-half 
need be drawn, as in Pig 367. If the loading be unsymmetncal, as, 
Inr instance, when one half of the span carries the dead load only, and 
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the other half both dead and live load, the line of pressures will be also 
unsymmetrical, and the thrust at the crown will no longer act horizontally. 
As this condition of loading is the one which, practically speaking, most 
severely stresses the arch, it is customary to examine any proposed 
design, (1) under this condition of loading, and (2) when the arch 
carries both dead and live load over the whole span. As the live load 
on masonry arches bears a relatively small ratio to the dead load, the 
former condition of loading is usually found to create the maximum 
stresses in the material. 

A line of resultant pressure passing through three fixed points A, 
B, and 0 (Fig, 368 for any system of loads, may be drawn as follows. 



Let alcd be the equivalent load area for a proposed arch carrying 
live load on the right-hand half span, together with dead load over the 
whole span. Divide up the load area as before, and draw the lines of 
action 1, 2, 3 . . . 12 of the panel loads. Set out the loads to scale 
on a vertical line OW, and select any point P as a pole. Join Pi, P2, 
. . . Pl2, and draw the corresponding link or funicular polygon AEF, 
having its sides parallel to the rays Pi, ?2, . . . Pl2 of the polar 
diagram. ABF would be the line of resultant pressure for an arch 
springing from A and F, having a central rise EG, and carrying the 
proposed loads. The linear arch passing through A, B, and C has a 
rise BD greater than EG, and will consequently have a less horizontal 

thrust than the arch AEF, in the ratio since the horizontal thrust 

varies inversely as the rise. Join AF, and draw PH parallel to AF. 
Draw HPi parallel to AO and equal to h (the original polar distance 

of P) X Pi is then the correct pole position from which to draw 

a new system of rays whose directions will give the required linear 
arch passing through ABO. PiH to the scale of the loads is the 
constant horizontal thrust acting in this arch, and OPi and PiVV the 
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reactions at A and 0 respectively. It will be noticed that ABO is also 
a bending moment diagram for the system of loads 1, 2, 3, . . . 12 on 
the span AO. 

In order to draw the line of pressures for a proposed arch, the 
positions of points A, B, and 0 must be known beforehand. These 
positions, however, may only be accurately fixed by providing the arch 
with hinged or pin joints at the crown and springing points. Many 



Pio. 369. 


arches have been so erected, and it is only m such arches that an exact 
estimate of the stresses is possible. Fig. 369 shows some of the methods 
of applying hinges or articulations to masonry and concrete arches. At 
A a number of cast-steel shoes are embedded in the ends of each semi- 
arch and abut on steel pins P, a narrow joint J-J being left at crown 
and springing to allow of slight movement under extremes of tempera- 
ture. This arrangement permits of givmg the arch nb an appearance 
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of continuity if desired, the joints being scarcely noticeable, whilsc they 
are sometimes masked by decoration. The concrete filling immediately 
behind the casting should be of smaller aggregate to ensure thorough 
ramming into the pockets of the castings. At B is a similar arrange- 
ment, the bearings being secured by long tie-rods taken back into the 
concrete. The hinges are more exposed, and become a noticeable 
feature in this design. 0 shows the detail of the built-up articulations 
employed for a concrete arched bridge of 164 ft. span erected over the 
Danube at Munderkingen in 1893. For masonry ribs the arrangement 
at B may be adopted, the castings being attached to the terminal 
voussoirs by rag-bolts, or the ends of the ribs adjacent to the hinges 
may be of concrete, or if of stone, the terminal stones are carefully cut 
to fit suitable pockets in the castings. Frequently the arrangement at 
D has been employed. Lead plates P, from ^ to | the depth of the 
rfrch rib are inserted, the abutting voussoirs V, V, being preferably of 
granite, basalt, or hard sandstone. The thickness of the lead is from 
I in. to 1 in. for spans up to 150 ft , and the maximum pressure on it 
may be 1500 lbs. per square inch. Lead begins to yield slightly under 
a pressure of about 1000 lbs. per square inch, so that in the event of the 
line of pressure approaching the edge of the plate, the increased intensity 
of compression causes the lead to yield slightly, with consequent increase 
of bearing surface and automatic reduction of pressure per square inch. 

In addition to ensuring more accurate location of the line of pressure, 
the provision of hinges has the important effect of annulling the stresses 
due to change of temperature. Expansion and contraction, which in 
straight gii'ders is provided for by roller bearings, creates in rigid arches 
a considerable amount of bending stress which is incapable of exact 
determination. In a three-hinged arch the two semi-ribs rise and fall 
shghtly after the manner of a toggle joint, and consequently suffer no 
stress under change of temperature. The stresses induced by expansion 
and contraction are, however, relatively slight m a rigid masonry arch 
as compared with those in structural steel arched ribs, since heat does 
not penetrate a mass of masonry to the same extent as built-up steel 
members composed of thin plates and section bars. 

Line of Pressure in a Rigid Masonry Arch. — In an arch provided 
with three hinged joints, the centres of the pins fix the position of 
the line of pressure. In a rigid arch the abutting surfaces at crown 
and springing have considerable depth, and it is possible to draw 
several lines of pressure in the same arch, the outlines of which will 
vary with the positions assumed for the points A, B, and 0, in Fig. 
368. Of any two possible lines of pressure abc and ABC. Fig. 370, due 
to the same loads over a horizontal span L, the rise Id is greater than 
the rise BD. Since the horizontal thrust is inversely proportional to 
the rise, the line of pressure dbc will possess a less horizontal thrust 
than the line ABO. Hence the horizontal component of the inclined 
thrust Ra at the abutment will be less than the horizontal component 
Ha. of the inclined thrust R^.. Many other pressure curves might be 
drawn by varying the positions of A, B, and 0. Of these, one will 
possess a less horizontal thrust than all the others, and hy the principle 
of least resistance, that particular pressure curve will come into operation 
which entails the least resistance on the part of the abutments. In 
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other words, the reactions at the abutments must be the least possible 
consistent with satisfying certain other conditions relating to stress 
intensity. The vertical reaction V, at either abutment (Fig. 370), is 
fixed by the load distribution ; consequently, by combining the least 
possible value of H with Y, the least value of the inclined thrust E 
follows. Hence the particular pressure curve sought in a rigid arch is 
that one which emerges from the arch ring at the greatest inclination 
with the horizontal, and which satisfies the further following condition. 

In order to avoid creating compressive or tensile stresses exceeding 
the safe resistance of the material of the arch ring, the curve of pressure 

must not cut any section 
of the arch outside certain 
pre-determined limits. If 
tension is to be entmly 
avoided, the pressure curve 
must fall within the middle 
third of the. arch thickness. 
It does not, however, follow 
that the arch will be unsafe 
if tension exist at certain 
points, provided the maxi- 
mum intensity of compres- 
sion is still within the safe 
limit. In masonry arches with good cement joints, a tension of 8 tons 
per square foot should not endanger the joints, and even if some of 
these should slightly open, the stability of the arch is not impaired, 
provided the compression at the opposite edge of the joint be not 
excessive. In continuous concrete ribs also a similar amount of tension 
may be safely allowed. 

If 32 tons per square foot be taken as the maximum safe compression 
at the edge of a joint nearest to the centre of pressure, and the pressure 
curve be allowed to approach within three-tenths of the breadth of the 
joint from that edge, the tension at the opposite edge of the joint 
would amount to 2*91 tons per square foot, or 45 lbs. per square inch, 
which in good work is quite permissible. It will therefore be assumed 
that for a maximum pressure of 32 tons per square foot, the pressure 
curve of least resistance must be contained within the central two-fifths 
of the arch thickness. In the case of ashlar masonry arches, where the 
maximum compression per square foot may be limited to 20 to 25 tons, the 
corresponding tensile stresses for the centre of pressure at three-tenths 
the breadth, would be 1*82 and 2*28 tons per square foot respectively. 

Method of Drawing the Curve of Least Resistance for a Rigid 
Masonry Arch. — The curve of least resistance maybe obtained by a series 
of trials by varying the positions of points A, B, and 0, Fig, 370, within 
the prescribed limits. This is, however, very tedious, and the following 
procedure, orii^inally due to Prof. Fuller, gives a direct determination. 

In Fig. 371 let DEFG he the equivalent load area, and verticals 
1, 2, 3, etc., the lines of action of the weights of the various segments 
(ten) into which DEFG is divided. TaSng AC, the line joining the 
centres of the springing beds, as the effective span, assume any point B 
and draw the line of resistance ABO for the loads 1, 2, 3, etc., and span 
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AO. The method of drawing ABO has already been given in Pig. 368. 
The polar diagram from which ABO has been drawn is shown at PKZ, 
Pig. 371* On the trial outline of the arch, mark the limits between 
which it is desired to confine the line of least resistance. These are 
indicated by the dotted curves, and have here been taken to include 
the middle half of the arch thickness. On AO produced, select any two 
points X and Y, and join BX and BY. Project points A, 1, 2, 3, etc., 
horizontally on to the lines BX and BY, so obtaining points X, I, II, 
III, etc. Through these latter draw a new series of vertical lines, which, 
for the sake of clearness, are carried through to the lower figure. 
Where any original vertical as 2-2 cuts the middle half limits of the 
arch in d and project these points horizontally to d’ and d on vertical 
II-II. Similarly / and g on 9-9 will project to /' and f on IX-IX. 
Transfer the heights above XY of all the points so obtained to the 
lower figure, and connect them by the irregular boundaries hU and 
mm. These boundaries form a distorted outline of the middle half 
limits of the arch, having the same degree of horizontal distortion as 
was given to the line of resistance A1234 . . . BO, by projecting it on 
to the straight lines BX and BY. Since the line of resistance sought 
will have ordinates in the same ratio as those of ABO, it will be 
represented on the lower distorted diagram by two straight lines 
included between the irregular boundaries hU and mno, Purther, the 
line of hast resistance will be represented by the two lines most steeply 
inclined to the horizontal, which may be drawn between hhl and mm. 
These are shown by Sim and SiO. If two lines such as s^m and s-^p cannot 
be drawn within hid and mm, the arch thickness must be increased. 

It remains, then, to re-proportion these lines horizontally by project- 
ing their points of intersection with verticals I, II, III, etc., back on to 
verticals 1, 2, 3, etc. The polygonal system of lines vs^w connecting these 
points is the required curve of least resistance. This line of resistance 
vs-ito is transferred to the upper figure, taking care to place it in the 
same relative position to the horizontal line XY as in the lower figure, 
when it will be found to he within the middle half limits of the arch. 

To obtain the reactions due to this curve of pressure, join TW 
intersecting BE in r. The rise of the original line of resistance 
ABO = BE The corresponding rise of VsW = sr. The horizontal 
thrust being inversely proportional to the rise, the horizontal thrust 

B E 

for the linear arch VsW = PL X — , PL being the horizontal thrust 

sr 

scaled from the polar diagram PKZ, originally employed for drawing 
the linear arch ABC. Prom L draw LPi parallel to VW, and mark 

BE 

Pi at a horizontal distance from the load line KZ = PL x — . Join 

sr 

PiK and PjZ. Pj is the correct pole position for the line of resistance 
VsW, and the reactions at V and W due to this line of resistance are 
respectively PjK and PiZ, measured to the scale of the vertical loads. 
These reactions are equal and opposite to the inclined thrusts at V and 
W, which are required in designing the abutments for the arch. If 
Pi be joined to the points 1, 2, B, etc., on the load line KZ, the rays of 
the new polar diagram so formed will be parallel to the segments of the 
line of resistance 
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The intersection of the line of least resistance YsW with any 
section as determines the centre of pressure p on yy^ whilst the 
length of the corresponding ray PiT of the polar diagram gives the 
magnitude of the thrust on the section yy. From these data 
the intensities of pressure or tension (if any) at opposite faces of the 
section yy may be calculated in thS usual manner. Generally the most 
heavily stressed sections will be those at which the line of least 
resistance approaches most nearly to the outer or inner faces of the 
arch ring. In the figure these sections occur at V, and W. These 
sections are often referred to as joints atpilanes of rupture, since at 
these sections the tendency to failure of the arch ring is greatest. 

Design for Three-hinged Concrete Arched Bridge,— 150 ft 
Rise 15,)%. To carry an equimhnt distributed, live load of 150 lbs. per 
square foot Clear width between parapets 30 ft 

The general arrangement is shown in the half longitudinal and 
transverse sections in Pig. 372. The spandrils are hollow, the platform 
being carried on jack arches of 4 ft. 6 in. span turned between 
longitudinal spandril walls L, L, stiffened by two transverse walls T, T. 
A 3 -in. asphalte roadway is laid over the upper surface of the 
concrete backing of the jack arches. Between vertical section No. 2 
and the crown the filling is solid. 

In the upper figure the equivalent load area for one half of the 
span, inclusive of the live load, is shown by abhed . . . ^fg. The 
weight of the longitudinal walls, platform and load is considered as 
evenly distributed across the width of the arch sheet, the two vertical 
projections at b and d representing the weight of- the intermediate 
portions of the transverse walls T, T, equalized for the full breadth of 
the arch. The arch thickness is taken as 3 ft. 6 m. at crown and 
springing, and 4 ft. 6 in. at the centre of each semi-nb. Considering 
first the live load over the whole span, the load area and line of 
resistance will be similar for each semi-span, and only one half of the 
line of resistance need be drawn. The load area is here divided into 
five equal panels of 15 ft. width by verticals 1, 2, 3, 4, and 5. 
Preferably about ten panels should be taken, so that the resulting line 
of resistance may approximate more closely to a curve, and the figure 
be drawn to a much larger scale than is here permissible. The weights 
of the panels 0-1, 1-2, 2-3, 3-4, and 4-5 per foot width of the arch, 
estimated at 135 lbs. per cubic foot, are respectively 4*77, 6*03, 7*11, 
7*8G, and 9*45 tons, and their centres of gravity are indicated by the 
small circles. 

The moments of these loads about the springing point A 

= 4 77 X 67' = 319*6 
6*03 X 52 3' = 315-4 
7*11 X 37-5' = 266-7 
7*86 X 22' = 173-0 
9-45 X 6-5' = 61-5 

Sum of moments = 1136-2 ft.-tons. 

Dividing by the rise, 15 ft., horizontal thrust at crown 
= 75*8 tons. 


1136-2 

15 
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On the polar diagram HPi = 75*8 tons to scale is drawn horizontally, 
and the panel loads set off m order to the same scale, between H and 
K. Lines drawn parallel to the polar rays of this diagram PiHK, 
determine the line of resistance (indicated by similar dotted lines) on 
the semi-arch in the lower sectional elevation. The direction and 
magnitude of the thrust at the hinge A is given by PiK, which scales 
off 84 tons. It should be noted that if a greater number of panels 
were taken the line of resistance would sensibly approximate to a curve 
tangent to the polygonal lines in the figure. 

Over the abutment is provided an arched passage 10 ft. wide for 
accommodation of trafiSc, towage, etc., along the river-bank. The 
weight of masonry in this arch, together with that of the trapezoidal 
abutment and live load from B to 0 equals 19 tons per foot width, and 
the common centre of gravity is situated on the vertical Vr. Drawing 
xy parallel to PiK and equal to 84 tons, and yz vertical = 19 tons, xz 
= 94 tons gives the direction and magnitude of the resultant pressure 
on BP. (A smaller scale has been employed for the triangle xyz than 
for the polar diagrams.) Drawing rp parallel to xz^ the centre of 
pressure p on BP falls practically at the centre of EP, whence the 
intensity of pressure on EF = ^=9‘4 tons per square foot. In 
designing an abutment of this type, the position and inclination of EP 
may, after a few trials, readily be adjusted so that the resultant thrust 
acts normally to BP and sensibly through its middle point. 

Considering next the left-hand half s^an as carrying dead and live 
load whilst the right-hand half span carries dead load only, the loads 
per foot width of the arch are as indicated in the upper figure. The 
right-hand loads are obtained by deducting the live load per panel 
15 X 150 

= ~ 22i 0 — ~ ^ left-hand loads. These loads are 

set off to scale from H to W, commencing with 8*45 tons and following 
in order from right to left. Selecting any pole P the polar diagram 
PHW is drawn, the rays being indicated by chain-dotted lines. 
Commencing at X, the corresponding linear arch XYZ is drawn having 
its segments parallel to the polar rays of PHW. Join ZX and draw 
PQ parallel to XZ. The correct pole position Pg for the linear arch 
passing through X, 7n and A will be situated horizontally opposite to 
Q. To calculate the horizontal thrust QPs, the rise YE = 35 ft , 7n/i 
= 15 ft., and horizontal thrust in the polar diagram PHW = 30 tons. 
Hence horizontal thrust or polar distance — 

YR 

QPa = 30 X — = 30 X ft = 70 tons. 

Join Pg to the load intervals on HW and draw in the line of 
resistance XmA having its segments parallel to the rays of the polar 
diagram PgHW. These are indicated by full lines. The actual curved 
line of resistance will be sensibly tangent to the polygonal line XmA, 
This line of resistance due to the unsymmetrical loading will be found 
to be slightly raised on the left-hand or more heavily loaded semi-span, 
and slightly depressed on the right-hand semi-span, as compared with 
the line of resistance in the lower figure for a state of symmetrical 
loading. The line of resistance approaches most nearly to the outer face 
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of the arch at the section ssj. At this section ssj = 50 in., st =. 18 in., 
and the pressure on the section per foot width = PgS = 74 tons. ’ 
Hence intensities of pressure at ssj are 


at extrados = 


and at intrados = 


2 X 74/„ 3 X 18 

4^ V~ 50 . 
2 X 74/„ ,, 18 ; 


j = 32-7 tons per square foot 




This maximum pressure of 32*7 tons per square foot, or 509 lbs. per 
square inch, represents the usual hmitin^ compressive stress allowed on 
concrete arches. In Prussia and the United States the oflScial allow- 
ance is 500 lbs. per square inch, whilst this has been occasionally 
exceeded in large span arches. 

The reactions at A and X are respectively equal to PgW and PgH. 
PaW scales off 78 tons, and is combined with the vertical abutment 
weight of 19 tons at ajV = 88 tons, giving the resultant pressure 
on the base EF of the abutment, parallel to gives the centre of 
pressure q, which again falls very nearly at the centre of EF, giving 
for this disposition of load an intensity of pressure on EF slightly 
greater than f§ = 8*8 tons per square foot. 

Note. — ^The directions of the final thrusts on EF for the two cases 
of loading considered are very slightly different, since the live load 
bears only a small ratio to the dead load. A much larger scale drawing 
should be made to enable these directions to be accurately ascertained. 

In order to annul stresses due to changes of temperature, the ends 
of the longitudinal spandril walls L, L, must be discontinuous and just 
out of contact with the face of the abutment to allow of freedom 
of movement under the slight rise and fall of the semi-ribs. In an 
arch of these dimensions an interval of 1 in. to 1^ in. is ample, the 
magnitude of the movement at J being very small, as will be seen from 
the following calculation. The length AmX = 155 ft. The increase 
in length for a variation in temperature of 100° F. would be 155 x 12 
X 0*0000055 X 100 = 1*02 inches, assuming the temperature of the 
ribs to rise 100° F. throughout, which is most unlikely. The increase 
in rm corresponding with this increase in length is therefore only a 
small fraction of an inch, whilst the horizontal closure at J will be still 
less (about by reason of the shorter leverage about the hinge A. 
The relatively thin continuous road bed of concrete above J is 
sufficiently flexible to accommodate itself to this slight movement. In 
laying the concrete at J and over the crown, thin sheets should be 
placed over the clearance spaces to prevent mortar or stones from 
falling into and blocking them up. 

The hinged joints may be of one of the types shown in Fig. 369. 
The total breadth of arch at springing = 32 ft. 6 in. Allowing 4 ft. 6 in. 
for intervals between pins, 14 steel pins 2 ft. long, and 3 in. diameter, 
would give a projected bearing area of 28 x 12 x 3 = 1008 square 
inches. 

The maximum total thrust at springing = 84 tons x 32*5 = 2730 
tons, and intensity of compression on hinges = = 2*7 tons per 

square inch. 
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Skew or Oblique Arahes. — When one road or railway crosses 
another obliquely by means of an arched bridge, it becomes necessary 
to build a skew arch if the angle of obliquity of crossing is more than 
a few degrees. In a square arch the bed joints of the masonry are 
parallel to the springing line and the pressure in each foot width of 
the arch acts normally to the joints. In a skew arch, Pig. 373, with 
joints y,y, parallel to the springing s, s, the pressure P on any foot width 
of the arch may be resolved into a normal pressure N, and a tangential 
or horizontal component T, which tends to cause lateral sliding of the 
arch courses. This component T obviously increases with the angle of 
skew or obliquity of crossing, and in order to prevent dislocation of the 
masonry the bed joints are arranged in directions sensibly perpendicular 
to that of the oblique pressure P. They therefore wind across the 
surface of the arch in helical, or, as they are commonly but erroneously 
called “spiral” curves. The ultimate thrust at the springing is 
delivered on to checked masonry sJcewhaoks s, s, Fig. 374, and the 




lateral displacing effect of the horizontal component T has eventually 
to be resisted by the abutments X and Y, Fig. 373. 

Skew arches constructed of masonry throughout are very expensive, 
since each stone, bemg of considerable size, has an appreciable amount 
of twist on both bed and end joints, and requires its faces dressed to 
twisted or helicoidal surfaces. For these reasons bricks are almost 
universally employed, excepting where architectural effect is desired. 
The amount of twist on a surface the size of the face of a brick is small 
enough to be readily compensated for m the thickness of the mortar 
joint, and the twist on a course of brickwork consequently augments 
by frequent small steps instead of constantly as in the case of accurately 
worked large stones. In the best structural skew arches the sheeting 
is of brick, with ring stones or voussoirs at the faces bonded with the 
brickwork, each ring stone being 9 in., 12 in., 15 in., etc., in breadth on 
the soffit in order to bond with 3, 4, 5, etc., bricks, the size adopted 
being in pleasing proportion to the dimensions of the arch. 

The angle of skew acs. Fig. 373, is fixed by the exigencies of the 
crossing. The angle of inclination of the checks or steps on the skew- 
backs or springers then requires to be accurately ascertained, so that 
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the bed joints or “heading spirals” may traverse the arch as nearly as 
possible at right angles to the pressure. Upon this angle, known as the 
angle of shew lac\ depends the shape of the springers and ring stones. 
The checks on the springers being cut to the correct inclination, 
the courses of brickwork, conamencing from the skewback checks, 
automatically follow the correct curves as they are laid on the 
centering. 

Fig. 375 shows the method of drawing the development of the soffit 
or intrados of a skew arch, from which the angle of skewback and 
shapes of springers may be determined. 0123 ... 12 represents the 
elevation of the arch looking along the axis PQ. The square span is 
40 ft., and angle of skew 66*^ 30'. The outline of the arch is a circular 
segment having a rise of 15 ft. DEFG is the plan of the soflSt. The seg- 
ment 0128, etc., is divided into any number (12) of equal parts by points 
1, 2, 3, etc. These being projected on to the plan, represent horizontal 
lines running along the inner surface of the arch. If the curved surface 
be supposed opened out or developed into a flat sheet by rotating it 
about the line EF, the joints and outlines of ring stones and springers 
drawn upon such development, will show their true shapes and incli- 
nations. The square length 0-12' of the development will be the real 
length of the arc 0123 ... 12. This may be stepped off in short 
portions, but is preferably calculated. The angle 12 0 0 = 147° 28', 
and radius 120 = 20 ft, 10 in. Hence, length of arc 0123 ... 12 

14 . 7 ® 

= X 2 X 8-1416 X 20| = 53' 7f bare. 

This is set out at 0-12' and divided into twelve equal parts by points 
1', 2', 3', etc. Vertical lines through these points determine the 
developed positions of the lines 1], 2i, 8i, etc., on the plan DEFG. 
Projecting the points li, 2i, Sj, where the dotted verticals cut DE and 
FG, horizontally on to verticals 1', 2', 8', etc., points on the development 
of the opposite edges of the soffit are obtained, which being joined give 
the curved boundaries 'Ed and F^ of the development. 

Accurate Method of Drawing the Joints.— The correct directions 
for the bed joints so that the lines of pressure may everywhere cut them 
at right angles, are shown on the right-hand half pqgd of the develop- 
ment. The method of drawing them (sometimes called the French 
method) is as follows. Several curves aa, hb, cc, shown dotted, similar 
to jod and qg are marked on the development. These represent developed 
lines of oblique pressure, and the joints are then carefully drawn in so 
that they intersect these curves, and the face curves and qg^ perpen- 
dicularly. As this results m a system of tapered courses, and necessitates 
several breaks of bond in order to preserve the same width of voussoirs 
on opposite faces of the arch, the construction is tedious and expensive 
m stonework, and inapplicable for brickwork arches. 

Approximate Method. — A system of parallel courses of uniform width 
may be substituted for the exact courses without seriously affecting 
the condition of perpendicularity of pressure. This method, known as 
the English method, although in very general use, is illustrated on the 
left-hand half EF gp of the development. F^ is joined and divided 
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into a suitalble number of voussoir widths. In this example, measures 
56 ft. 3 in., and represents practically the real length measured round 
the oUigm edge FG of the soffit. Adopting a width of voussoir of 15 in., 
so that each ring stone will bond with five courses of brickwork, 

~ 45, gives the number of voussoirs. This should be an odd 

number if the appearance of a key-stone be desired on the face of the 
arch, although it will be noticed there is no real key-stone in a skew 
arch in the same sense as in a square arch, the central course at q on 
one face running over to qi some distance from the crown on the 
opposite face. Dividing ¥g into 45 equal parts, E is joined to that 
division e which locates Ee as nearly as possible perpendicular to Fy. 
All the other joints are then ruled in parallel to E^. A comparison of 
the two halves of the development shows that the directions of the 
joints so obtained are most in error at the springing, whilst at the crown 
they almost coincide with the ideal joints. The angle PEe = 19J° is 
the angle of skewback to which the checks on the springers are to 
be cut. 

If it be desired to insert the joints on the plan of the soffit DEFG, 
although these curves are not of much practical value, they may be 
drawn most accurately as follows. Produce any joint as U both ways 
to intersect the springing line at m and centre line pq of the develop- 
ment. This point falls off the figure. Where him intersects any 
vertical as 2' on the development, in /, project I horizontally to L 
on the corresponding vertical 2 of the plan. The curve rriLK, continued 
through to the centre line PQ, determines the outline in plan of a com- 
plete “bed joint from springing to crown. Every joint on the plan 
contained between DE and FG, will be a portion of this curve, and by 
making a template in stiff paper having the outline mKT, and sliding 
it vertically along mT by successive equal intervals wiiWig, 
the joints are rapidly and neatly drawn in. For the other halves, here 
omitted, the template is reversed, and slided along DG. The points 
Ml, m 2 , ms, etc., are the intersections of the bed joints produced, with 
the springing line mT- In the example, seven of these intervals occur 
between E and F. BF = 26 ft, 2 in., and mmi, mm 2 , etc , therefore equal 
26' 2" -r* 7. Five of the intermediate brickwork courses are indicated 
at B on the development. The springers may be cut with separate 
checks for each brick course, or be dressed to a butt heading joint with 
the whole five bricks, the latter requiring much larger blocks of stone 
in the rough. One of the intermediate springers is shown at S, the 
arch bemg assumed as 22^ in. thick. There hieing seven springers in 
the length 26 ft. 2 in., the length of each stone will be 26' 2" 7 

= 3' 81" bare, or a little less to allow for joints. The length of the base 
XT of each check = 3' 8f"-r 5 = 9" bare, and drawing XZ at 
slope, and TZ perpendicular to XZ, the correct template for one check 
is obtained. 

The end springers at E and F are respectively acute and obtuse at 
the outer corners. They are shown in plan and elevation in Fig. 376, 
to the same scale as S in Fig. 375. In practice, only the exposed faces, 
beds and joints are worked smooth, the non-fitting portions of the 
stones being, left rough. The end springers are usually not cut with 
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separate chocks and the springer E, Pig. 376, is dressed square aa at 
aic, or obtuse, if the angle dbe, which depends on the annle of skew is 
very acute. ® ’ 



Tall CHim-EYS. 

^ The stability of tall chimney stacks depends upon the weight of the 
brickwork of the shaft and the pressure of the wind upon the outer 
surface. In ^ calm weather, the centre of pressure at any horizontal 
section coincides with the centre of gravity of the section, and uniform 
intensity of compression exists over the whole section. The application 
of lateral wind pressure causes displacement of the centre of pressure at 
every horizontal section, and this displacement should be restricted 
within such limits as to prevent the occurrence of tensile stress in the 
mortar joints. The effective wind pressure on the face of a tall chimney 
varies considerably with the section of the stack. Colonel Moore ^ gives 
the following table of coefficients to be applied in calculating the 
effective wind pressure on the faces of various solids. 

Table 31.— Coefficients of Effective Wind Pressure on Solids. 


SuUd 

K 

Wmd acting 

Sphere . . ... 

0-31 


Cube . . . . 

0 81 

Normal to face. 

j, • ... . . 

0 66 

ParaUel to diagonal of face. 

Cylinder (height = diameter) . 

i . 0*47 

Normal to axis. 

Gone (height = diameter of base) 

0-38 

Parallel to base 


^ K = Ratio of the effective pressure on a body to the pressure on a 
thin plate of area equal to the projected area of the body on a plane 
normal to the direction of the wind pressure. 

It appears reasonable, therefore, to assume the effective pressure on 
a circular chimney stack as about one-half that on a thin plate of area 

^ Samtary Sngineenngj Gol. E. 0. S. Moore, B.E,, p. 752. 
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equal to the projected area of the chimney, that is, the area seen in 
elevation, and the following effective horizontal wind pressures may be 
employed for chimneys of various sections : — 

On square chimneys, 50 lbs. per square foot, 

„ octagonal „ 32 „ „ 

„ circular „ 25 „ „ 

Let W = Weight of brickwork in tons above any horizontal section, 
A = Area of horizontal section in square feet. 

I = Moment of inertia of hoidzontal section in feet units. 

E = Outside radius and r = inside radius of horizontal section 
in feet. 

P = Total wind pressure in tons against surface of chimney 
above the horizontal section considered. 
h = Height in feet of centre of pressure of wind above the 
horizontal section considered. 

Then, direct compression on section due to dead weight of brick- 
W 

work = ^ tons per square foot. 

Bending moment due to wind pressure = P x A foot-tons. Stress 
P X X R 

due to bending = ± j tons per square foot, the sign 

denoting compression at the leeward face and the minm sign tension at 
the windward face of the section. The tensile stress due to the bend- 
ing action of the wind pressure should not exceed the direct compression 
due to the dead weight above any horizontal section. It is desirable 
that the stress be not reduced quite to zero on the windward face, and a 
residual compression of 100 to 200 lbs, per square foot should remain 
after deducting the tensile bending stress from the permanent direct 
compression. 

The moment of inertia of a hollow circular section = 0*7854 
(R^ - v^), and of a hollow square section = D and d being 

the breadths of outer and inner faces respectively 

Example 37. — Fig. 377 shows the results of the application of the 
above rules to the design of a circular chimney stack 100 feet high 
above ground-level The dimensions and other data for the calculations 
are given in the various columns opposite the respective horizontal 
sections to which they refer. The weight of brickwork is taken as 112 
lbs. per cubic foot. This is a little on the safe side as legards the 
stability, since brickwork will usually weigh from 115 to 118 lbs per 
cubic foot. As the calculations for the intensities of compression at any 
horizontal section are similar, only those for one section need be stated. 

Considering the horizontal section at GO feet below the top, weight 
of brickwork above the section = 41*9 + 64*5 = 106*4 tons. Outer 
diameter = 11 ft. 4^ in., inner diameter = 8 ft. 4^ in., and sectional 
area = 46*54 sq. ft. 

Hence direct compression = = 2*29 tons per square foot. 
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Projected area of the chimney above the section 
=282 + 318 = 600 sq. ft. 

Height of centre of pressure above the section = 28-5 feet. The 
positions of the various centres of pressure are indicated on the figure 
by small circles. 



= 190'84 ft.-tons. 

I, for the section = 582 foot units, outer radius = 5‘7 ft., and stress 
due to bending = ~ square foot. 

Hence compression on leeward face = 2‘29 + 1'87 = 4'IG, and 
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compression on windward face == 2*29 —1*87 = 0*42 ton per square 
foot. 

At the ground-level the section of the pedestal, which is assumed 
as square for 30 feet above the ground, is a hollow square of 15 fb, 9 in. 
and 9 ft. 9 in. outer and inner faces. Its moment of inertia = 4375, 
and total wind pressure against the shaft = 61,750 lbs. This total 
pressure consists of the pressure on the circular portion of the shaft 
above the ped-estal, taken at 25 lbs. per square foot, and the pressure on 
the face of the pedestal taken at 50 lbs. per square foot. 

The point of application of the resultant of these two pressures is at 
60 feet above ground-level. 


Hence bending moment = 
and stress due to bending = 


61750 X 60 
2240 

1654 X 7t' 
4375 


= 1651 ft. -tons 


= ± 2*98 tons per square foot. 


The total weight of chimney above ground-level (excluding the 
inner fire-brick lining of the pedestal which is not bonded with the 
pedestal and consequently rests on the footings) equals 600 tons, and 
sectional area is 153 sq. ft. 

Therefore direct compression at ground-level = = 3*92 tons per 

square foot, giving 8*92 + 2*98 = 6*9 tons per square foot at leeward 
face and 8*92 -2*98 = 0*94 ton per square foot at windward face. 

At the base of the footings the total vertical load is the weight of 
stack, pedestal, fire-brick lining and footings = 787 tons, to which must 
be added the weight of earth resting on footings, which, at 100 lbs. per 
cubic foot, amounts to 61 tons. The area of base of footings = 24' 
X 24' = 576 sq. ft. 

787 “I- 61 

Direct pressure = — — = 1*47 tons per square foot. 


Bending moment due to wind at this level = foot-tons, 

and I = -A X 24^ = 27,648. 

n. 1 . 01750 X 68 X 12 ^ ^ i. 4-. 

Stress due to bending = 2240 x 


Compression at leeward face = 1*47 -f 0*81 = 2*28 „ „ 

„ at windward face = 1 47 — 0*81 = 0 66 „ „ 

A similar calculation at the foundation level gives the intensities of 
pressure on the soil as 2*39 and 1 21 tons per square foot at leeward and 
windward edges respectively. The total vertical load at foundation 
level equals 787 tons due to brickwork in stack, lining and footings, 
+ 490 tons in concrete base (at 140 lbs. per cubic foot) -f 136 tons due 
to weight of earth on footings and upper ledges of concrete block 
= 1413 tons. The resultant wind pressure acts at a leverage of 78 feet 
and I for the 28 ft. square base = ^ x 28'* = 51,221. 

1413 

Direct pressure = -ygj- = 1‘8 teas per square foot, 
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j t j j. -u j- 27*6 tons X 78' X 14 . ^ . 

and stress due to bending = = ±0*59 ton per 

square foot. 

Compression at leeward edge of foundation =: 1*8 +• 0*59 = 2'39 
tons per square foot, and at windward edge = T8 - 0*59 = 1*21 tons 
per square foot. The side of the pedestal at which the flue enters 
should be suitably thickened to compensate for the weakening of the 
horizontal section at this level. 

London County Council Regulations require that the height of 
square chimney stacks shall not exceed ten times the width of basal 
section, measured immediately above the footings. The height of 
circular chimney stacks must not exceed twelve times the diameter clear 
of the footings, and octagonal shafts eleven times the diameter. The 
shaft is to batter not less than 2^ inches in every 10 feet, and no 
projection is to extend beyond the face of the shaft to a greater distance 
than the thickness of the wall at that level. The minimum thickness 
of the uppermost section to be 9 inches and the thickness to increase by 
^ inches at least every 20 feet from the top downwards. The footings 
are to project beyond the basal section, on all sides, to a minimum 
distance equal to the thickness of the wall at the base. 

The circular chimney realizes the greatest stability with the minimum 
quantity of brickwork and most efficient section of flue, and is equally 
resistant to the wind pressure applied in any direction. Strongly 
projecting copings, caps, or string courses are undesirable, since they 
oflfer increased resistance to the wind, the former at the maximum 
leverage above the base. Dangerous oscillations of stacks with heavily 
projecting caps have occasionally been considerably reduced by removal 
of the cap. Inverted arches beneath the centre of the shaft are probably 
more dangerous than advantageous, since they may contribute to 
unequal settlement at the base with resulting fracture. 

The firc-brick lining must be free to expand and contract indepen- 
dently of the main stack. Its height will depend on the particular 
purpose of the chimney. It may be as low as 20 ft. or 30 ft., but is 
commonly 50 ft. to 8() ft. high in lofty chimneys— one-fifth to one- 
fourth the height of the shaft is a common rule. In the St. Rollox 
chimney the inner shaft rises to a height of 243 ft., the total height of 
the chimney being 455 ft. 6 ins. 

An efficient air space should be provided between the fire-brick 
lining and the outer shaft, suitably covered or protected by corbelled 
courses of brickwork projecting from the inside of the outer shaft, 
and leaving sufficient clearance for maximum expansion of the 
lining. This latter may be estimated at one inch per 35 to 40 feet of 
height. 

The following are particulars of the great St. Rollox chimney at 
Glasgow. The chimney is of circular section and rises to a height of 
465 ft. 6 ins. above foundation level. The thickness of the outer shell 
of brickwork at ground level is 3 ft., spreading to footings 6 ft. wide at 
15 ft. depth. These rest on 5 ft. thickness of concrete having a basal 
width of 60 ft. The chimney is founded on Old Red Sandstone 
rode. 
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St. Bollox OHiMNEiy. 


Level 

Tbickucss. 

Outer Diameter 

Ground to 64 ft. C ins . 

. . 83 ins. . . 

. 40 ft. 0 ins. to 35 

54 ft. 6 ins. to 116 „ 6 „ . 

. . 28 „ . . 

. 86 „ 0 „ 

» 30 

116 ff 6 ff f, 209 6 ,1 . 

. . 22i„ . 

. 80 „ 6 „ 

», 24 

209 „ 6 „ „ 349 „ 6 „ 

. . 18 „ . . 

■ 24 „ 0 „ 

„ 16 

349 „ 6 ff ,, 435 „ 6 ,, . 

. . 14 „ . . 

. 16 „ 9 „ 

„ 13 


The section of minimum stability is stated to bo at the 209 ft. 6 ins. 
level, where the chimney is calculated to withstand with safety a wind 
pressure of 55 pounds per square foot. 

The internal shaft is externally cylindrical of 10 ft. 6 ins. internal 
diameter at bottom and 12 ft. at the top. Its height above ground 
level is 243 ft., and its thickness 22| ins. for the lower 62 ft. of its 
height. It is carried up in three sections of diminishing thickness and 
stiffened by buttresses on the outsidec 
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Abbobption of water by bricks, 3 

, percentage, of stones, 3 

Aggregates, percentage voids in, 12 
Aluminous cement, 9 
Analyses of iron and steel, 19 

of cements, 10 

Arched masonry, 381 

bridge, design of 3-hinged, 439 

Arches, bonding of, SSL 

, equivalent load on, 431 

, Ime of least resistance in rigid 

masonry, 486, 436 
, load on, 429 

, masonry and concrete, 429, 439 

, pin-]ointed, 846, 434, 489 

, skew, 443 

Ashlar masonry, 374, 880 
Asphalte, 14, 27, 34 
Assuan dam, 418 
Axis, neutral, position of, 92 
, physical, of columns, 138 


Bending moments on continuous gir- 
ders, 82, 85 

, positive and negative, 65 

Boarding, weight of, 32 
Bolts, weight of, 32 

Bond in masonry and brick arches, 381 
Bouoherie’s process of preserving 
timber, 18 

Bowstring lattice girders, stresses in, 
250 

Bracket, connection to pillar, 123 
Brioks, manufacture and properties of, 3 
Brickwork, specification for, 4 
Bridge, plate girder, design of, 208 

, 3-hmged concrete arched, design 

of, 439 

Bridges, dead load on, 27 

, equivalent distributed load on 

mam girders, 35 

, highway, live load on, 36, 37 

, live load on, 34 

, weight of cross-girders in, 30 

Briquettes, tensile strength of, 10 
Buckled plates, 24, 28 


Ballast, weight of, 27, 28 
Baltimore truss, stresses in, 230 
Ban dam, 420 

Bascule girder, stresses in, 258-261 
Beams, deflection of, 302 

, fixed, 86, 89 

, lateral bending in, 133 

, shear stiess in, 107 

^ in, intensity and dis- 
tribution of, 109 
Bearings for gliders, 271 
Beech, 16 

Bending moment, 52 

and shearing force, relation 

between, 53, 108 

diagrams for rolling loaas, do, 

68,72,76 ^ ^ 

j icpfliViry mTia , du0 to rolling 

loads, 73, 76 

on cantilever, 52, 63 

on beams supported at both 

ends, 66, 66, 57, 58, 60, 66, 68, 72, 76 

on balanced cantilevers, 61, 

64 
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Cantilevers, balanced, bending mo- 
ment and shear force on, 61, 64 

, bendmg moment on, 52, 63 

, shear force on, 52, 53 

Cantilever girders, stresses m, 235, 240 

, deflection of, 300 

Cast iron, 19 
Cement, 6 

, analysis of, 10 

, bulking of, 7 

, natural, 5 

, Portland, 5 

, composition and manufacture 

of, 6 

, influence of fine grindmg on 

strength of concrete, 8 

, influence of fine grinding on 

weight of, 7 

, Le Ohatelier test for, 8 

, tensile strength of, 8 

, , tests for, 8 

manufacturing plant for, 5-T 

, rapid hardening, 9 


2g2 
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Oement, Portland, weight and speoido 
gravity of, 7 

Characteristic points, 80, 81 

, use of, 82, 85, 88, 89, 90 

Ohartrain dam, 418 

Cheq^uered plates, mild steel, dimen- 
sions of, 23 

Chimney stacks, tall, 447-462 
Oiment Pondu, 10 
Column formulee, Euler’s, 150 

^ Moncriefi’s, 165 

j Eankine’s, 162 

, straight-line, 163 

Column sections, properties of, 147 

, selection of type of, 162 

Columns, caps and bases of, 169 

, compound, 188 

, connections to, 163 

, curves of safe loads on, 168, 169, 

160, 162 

, defects in practical, 136 

, eocentricaliy loaded, 161 

, fied-ended, 164 

, foundation bolts, 187 

, foundations, 174, 186, 187, 372 

Columns, ideal and practical, 136 

, lacing in, 190 

, live load on, 189 

!, method of application of load on, 

138 

, methods of casting, 20 

^ of supporting ends of, 140 

, numerical examples, 178-188 

, physical axis of, 138 

, rivet pitches in, 189 

Composite roof, 309-315 
Compression, intensity of, in masonry 
dams, 413, 414, 416, 418, 420, 429 
Concrete, cement, 10 

, , bulk of ingredients for, 11, 

12 

, compressive tests for, 13 

, percentage voids m aggregates, 

12 

, structures, methods of buildmg, 

884 


, weight of, 26 

Connections, riveted and bolted, 118 
— subject to bending stresses, 123 
Continuous beams, 78, 82, 86 

, pressures on supports of, 

83, 84 

Corrugated sheets, dimensions of, 22 

, weight of, 33 

Crane jib, design of, 356 

lattice girders, design of, 262 

plate girders, design of, 196 

OreoBoting, 18 
Gross-girders, weight of, 30 
Crushing strength of timber, 16 

weight of granite, 3 

of limestone, 3 

of sandstone, 3 


D 

Dams, Arrovrrook, 427 

, contraction joints in, 424, 425 

, drainage wells in, 426, 426 

, Elephant Butte, 426 

, grouting foundations of, 427 

, Hetoh Hetohy, 427, 429 

, masonry, 403 

, , pressure of water on, 403 

, , stability of, 404, 407 

, recent masonry, 424 

Dead load, general considerations of, 26 

on bridges, 27 

on roofs, 32, 3G7 

Deflection, 297 
Depth of girders, 116 
Design of crane jib, 866 

of crane plate girders, 196 

of crane lattice girders, 262 

of floor for warehouse, 126 

of lattice roof girder, 862 

of masonry dam, 407 

of plate girder railway bridge, 208 

of retaining walls, 395, 399 

of roof truss, 324 

of steel tank, 360 

of tall chimney stack, 448 

of 8-hinged concrete arch, 439 

Details of lattice girders, 268-275 
Distribution of shear stress m beams, 
109 

Dry rot in timber, 17 
Dynamic formula, Eidler’s, 44 


E 

Eabth pressure behind retaining walls, 
392 

Elevator girder, stresses in, 262, 263 
Elm, 16, 27 

Ends of columns, methods of support- 
mg, 140 

Equivalent distributed load, 35, 75 
Euler’s formula, 160 


F 

Factor of safety, 41 
Ferroorete, analysis of, 10 
Fidler’s dynamic formula, 44 
Fittings for corrugated sheeting, weight 
of, 33 

Fixed beams, 86, 89 
Flange width of beams, 117 
Flashing, lead and zinc, weight of, 34 
Flats, rolled steel, 23 
Floor, warehouse, design of, 126 
Floors, live load on, 84, 366 
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footing courses, 877, 884 
foundations for columns, 174, 186, 187, 
866, 872 

-, grillage, 174, 366, 372 

■, pressure on, 385, 386 


a 

Gibdkrs, cross, weight of, 30 

lattice, 217 

\ main, weight of, 30 

, plate, 191 

Glass, weight of, 27, 83 
Glazing bars, weight of, 33 
Granite, composition and properties of, 
2 , 8 

, crushing weight of, 3 

-, percentage absorption of, 3 

, weight of, 3, 27 

Graphic method for modulus of section, 
98 

for moment of inertia, 94 

Gravity dams, 403 
Greenheart, 16, 27 
Grillage foundations, 174, 366, 872 
Gutters, weight of, 33 
Gyration, radius of, 144 


H 

Hog-backed lattice girder, stresses in. 
238 

Hutton’s formula, 307 
Hydraulic limes, 6 


I 

Impact formulas, 49, 60 
Inclined girders, stresses in, 264-263 
Inertia, moment of, 94, 96, 96, 104 
Influence lines, 276-296 

for bending moment, 279-283 

for chord stress, 283-288 

for reactions, 276-279 

for shear stress, 288-296 

Iron and steel, analyses of, 19 

, physical properties of, 19 

, oast, 19 

, test for transverse strength 

of, 20 

, ultimate strength of, 20 

, weight of, 27 

, wrought, 20 

, bending tests for, 21 

• , market forms of, 21 

, sizes of plates, 22 

, tensile strength of, 21 


Jack arches, 30, 430, 439 
Jarrah, 16, 27 

J'oints in tension members, 121, 122, 
822 

K 

K-GntDEBS, stresses in, 231-286 
King post timber roof, 308, 809 
Kyan’s process for preserving timber, 18 


L 

La Geaetgb dam, 420 

Larch, weight of, 27 

Lattice girders, crane, design of, 262 

, details of, 268-276 

, deflection of, 299 

, spans of, 219 

, stresses in, 220-263 

, types of, 217 

, weight of, 31 

Launhardt-Weyrauch formula, 42 
Least radius of gyration, 146 
Lime, 4 

, calcining and slaking of, 4 

mortar, 6 

Limes, hydraulic, classiflcation of, 6 
Limestone, composition and properties 
of, 2, 3 ‘ 

, crushing weight of, 3 

— , percentage absorption of, 3 
, weight of, 3 

Live load, general considerations of, 26 

on bridges, 34 

on columns, 189 

on cross-girders, 36 

* on floors, 34, 366 

on highway bridges, 36, 37 

on rail bearers, 36 

on troughing, 36 

Load, dead and live, general considera- 
tions of, 25 

, , on bridges, 27 

, , on roofs, 32, 367 

, due to wind, 36 

, equivalent distributed, on bridges, 

36 

on arches, 429 

on columns, application of, 138 

on floors of tall buildings, 366, 369 

on roller bearings, 272 

Louvre blades, weight of, 33 
Luxembourg arch, 430 


M 

Masonby and concrete arches, 429 439 
arches, bond in, 381 
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Masonry, dam, design of, 407 
dams, 403 

1 general deductions on, 423 

, maximum compression in, 

414, 416, 418, 420, 429 

, shear stress in, 420 

faced concrete blochs, 384 

footings, 877, 384 

piers, 382 

, specifications for, 875-881 

, types of, 374 

, weight of, 26 

Mild steel, 22 

Modulus of section, 98, 100, 101, 104, 
116 

Moment, bending. See Bending 

of inertia, 94, 96, 96, 104 

of resistance, 91, 93 

MonoriefE’s column formula, 156 
Mortar, lime, proportions of constituents 
of, 6 


N 

Neuibaii axis, position of, 92 

plane, 92 

New Croton dam, 420 
N-Girders, stresses in, 220-227 
Nuts, weight of, 32 


0 

Oak, American, 16, 27 

, English, 15, 27 

Oblique arches, 443 
Overflow dams, 405, 417, 419 


P 

Pai^elled retaining walls, 399 
Parabola, construction of, 54 
Parapet irder, 275 
Periyar dam, 420 
Piers, masonry, 382 
Pme, American, 15, 27 

, Baltic, 16 

, Dantzic, 16 

, pitch, 15, 27 

Pin-]ointed bridge girder, 273 
Pitch of rivets in girders, 111, 195 
Plate girder foot-bridge, 215, 216 

girders, depth of, 191 

, deflection of, 304 

, economic span of, 191 

, flange area, 192 

for crane, design of, 196 

, railway bridge, design of, 

, rivet pitch in, 195 

, web thickness, 193 

, weight of, 30 


Plates, buckled, 24, 28 

, mild steel, sizes of, 23, 24 

, wrought iron, sizes of, 22 

Plauen arch, 430 

Points characteristic, 80, 81, 82, 85. 
88, 89, 90 

of contra-flexure, 78 

Portland cement, 6 

Pressure of earth behind walls, 892 

on foundations, 385, 386 

Principals, roof, weight of, 32 
Properties of bricks, 3 

of rolled sections, example of, 114 

of stones, 3 

Proportions for concrete, 11 
Purlins, design of, 314, 326 
, load on, 307 


Q 

Queen post timber roof, 809, 810 
Quicklime, 4 


R 

Radius bricks, 4 

of gyration, 144 

Rail bearers, weight of, 30 
Rails, weight of, 28 
Railway track, weight of, 28 
Range formula, Stone’s, 45, 49 
Rankme’s column formula, 152 

formula for earth pressure, 393 

Rapid hardening cements, 9 
Reactions for inclined girders, 266, 257 
Rebhann’s construction for earth pres- 
sure, 393 

Resistance, line of, in arches, 431, 435, 
436 

^ in dams, 409 

, moment of, 91, 93 

Retaining walls, 892 

, design of, 395, 399 

^ methods of relieving pres- 
sure on, 401 

, surcharged, 397 

, types of, 398 

Ridging, galvanized, weight of, 33 
Rivet heads, weight of, 32 

pitch in columns, 189 

in girders. 111, 195 

Rolled sections, mild steel, 23, 81 
Roller bearings for girders, 272 
Rolling load stresses in girders, 243-249 
loads, 85, 37 

, bending moment and shear 

force due to, 66, 68, 72, 76 
Roman cement, 10 
Roof coverings, 32, 305 

details, 349-361 

girder, design of, 352 
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Boof truss, design of, 324 
Roofs, 305 

, arohed, 346-349 

, bowstring, 340, 341 

, cantilever, 336^40 

, design of members, 321 

, dead load on, 32, 367 

, hipped, 335 

, reactions on, 317 

, stress diagrams for, 318, 319, 327, 

344, 348 

, types of, 316 

Round steel bars, sizes of, 24 
Rubble concrete, 374, 379 

masonry, 374, 377, 379 

Rueping process of creosoting, 18 


S 

Sandstone, composition and properties 
of, 2, 3 

, crushing weight of, 3 

, percentage absorption, 3 

, weight of, 3 

Sand, weight of, 27 
Sectional area of members, 40 
Section modulus, 98, 100, 101, 104, 115 
Shear force, 52 

diagrams, 62-85 

for rolling loans, 66, 68, 

72, 77 

on cantilevers, 52, 53, 61, 64 

on continuous girders, 82, 85 

, positive and negative, 56 

stress in beams, 107 

j intensity and dis- 
tribution of, 109 

in dams, 420 

Sheets, corrugated, dimensions of, 22 
Sizes of plates, 22, 23, 24 

of round bais, 22, 24 

of slates, 33 

of steel troughmg, 28 

of timber, 15, 16, 17 

Skew arches, 443 
Slag, weight of, 27 
Slates, sizes and weight of, 33 
Slump test for concrete, 13 
Snow load, 34 

Specification for brickwork, 4 
Specifications for masonry, 375-381 
Steel, 22 

, mild, bending tests for, 23 

, , sizes of rolled sections, 23, 

24, 31, 147, 148, 149 

, , troughing, 24, 28 

, tensile strength of, 23 

, weight of, 27 

Stone, durability of, 1 

, face dressmg of, 375 

, porosity of, 1 

, resistance to compression, 1 


Stone, selection of, 1 

, specification for, 376 

, weight of, 1, 2, 3, 27 

Stone’s “ Range ” formula, 45 
Straight hne column formula, 153 
Strength, orushmg, of timber, 16 

, shearing, of timber, 17 

, tensile, of Portland cement, 8 

, , of steel, 23 

, of wrought iron, 21 

, transverse, of oast iron, 20 

, , of timber, 16 

, ultimate, of cast iron, 20 

Stresses by method of sections, 341 

in lattice girders, 220-263 

in roof trusses, 318-348 

Structures, intensity of wind pressure 
on, 39 

Struts. See Oolumns 
Surcharged retaining walls, 397 


T 

Tall buildings, 366 

, column anchorage, 372 

, details of, 367 

— , load on floors of, 366, 367, 

369 

, wind bracing in, 369 

chimneys, 447-452 

Tank, steel, design of, 360 
Teak, 16, 27 

Test, Le Ohatelier, for Portland 
cement, 8 

Tests, bending, for mild steel, 23 

, , for wrought iron, 21 

Tests, compressive, for concrete, 13 

, tensile, for Portland cement, 8 

Thirlmere dam, 418 
Three-hmged arches, 345, 439 

^ pin joints for, 434 

Ties, riveted joints in, 121, 122 
Timber, 14 

beams, safe stress m, 112 

, decay of, 17 

, destruction of, 17 

, preservation of, 18 

, seasoning of, 17 

, scantlings of, 15 

, selection of, 15 

, shearmg strength of, 17 

, weight and strength of, 16, 27 

Tramway rails, weight of, 28 
Troughmg, steel, 24, 28 


V 

Yillae dam, 418 

Voids, percentage, in aggregates, 12 
Vyrn^ dam, 416 
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w 

Warrin girders, stresses in, 227-230 
Weight of asphalte, 27, 34 

of ballast, 27 

of boarding, 82 

of bolts, nuts, and rivet-heads, 82 

of concrete, 2$ 

of .corrugated sheeting, 33 

of gross-girders, 30 

of fittings for corrugated sheeting, 

33 

of galvanized ridging, 33 

of glass, 27, 33 

of glazing bars, 33 

of granite, 2, 3, 27 

of gutters, 33 

of hollow tile floors, 868 

of iron and steel, 27 

of lead and zinc flashing, 34 

of limestone, 2, 3 

of Louvre blades, 33 

of masonry, 26 

of plate and lattice girders, 30 

of Portland cement, 7 

of rail bearers, 30 


Weight of rails, 28 

of railway track, 28 

of rolled steel section bars. 31 

147, 148, 149 

of roof principals, 324 

of sand, 27 

of sandstone, 3 

of slag, 27 

of slating, 33 

of steel floor plates, 28 

of timber, 16, 27 

of troughing, 28 

of water, 27 

of York paving flags, 27 

Wet rot, 17 
Woyrauch formula, 42 
Wind bracing in tall buildings, 369 
load, 86 

pressure, intensity of, on struc- 
tures, 39 

on roofs, 307 

Wohler’s expeiiments, 42 
Workmg stresses, 40 

by “ Range ” formula 46 

Wrought iron, 20 


THE END 
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